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Blood flow in small arterioles is characterized by the formation of a red blood cell-
depleted zone (cell-free layer) near the vessel wall that could have important implications 
on microvascular functions.  However, the progress made in understanding its 
physiological impact in the arterioles has been hampered by the lack of quantitative 
information that depicts its spatial and temporal variability under physiological (normal) 
and pathological (hyper) levels of red blood cell aggregation seen in humans.  This 
highlights a strong need to quantify the effect of red blood cell aggregation, with 
hemorheological relevance to humans, on the layer and its variability in the arterioles.  
The new information can be used to provide a deeper insight into how the layer formation 
in arterioles could modulate nitric oxide (NO) bioavailability and vascular tone.  To 
achieve these objectives, the project is divided into four stages: (I) development of a new 
computer-based method for the layer width measurement, (II) investigation of the effect of 
aggregation on the layer and its variability in the arteriolar network and (III) 
implementation of a computational model to predict the effect of temporal variations in 
the layer width on NO transport in the arteriole by considering the influence of 
aggregation. 
The newly developed Grayscale method offers a good alternative to conventional 
histogram-based methods for layer width measurements.  In addition, it could overcome a 
possible problem of layer width overestimation associated with conventional methods.   
The mean and temporal variations of the layer width in unbranched regions of the 
arterioles were found to be enhanced by aggregation at reduced flow conditions and this 





temporal variations in width were asymmetric with a greater excursion into the red blood 
cell core than toward the vessel wall.   
Spatial variations in the layer width were apparent in the vicinity of an arteriolar 
bifurcation which can be modulated by aggregation.  A positive correlation was generally 
found between the extents of the cell-free layer formation in the upstream and downstream 
vessels.  A greater fraction of flow into the side branch generally led to a decrease in the 
fraction of downstream layer formation constituted by the side branch.  At reduced flow 
conditions, large asymmetries of the layer widths that developed on opposite sides of the 
downstream vessel were attenuated by hyper-aggregation while the tendency of the layer 
formation in the side branch was enhanced by hyper-aggregation. 
Predictions based on a time-dependent NO transport computational model of the 
arteriole revealed that NO preservation in the arteriole could be improved by considering 
transient responses in wall shear stress (WSS) and NO production.  This effect became 
significantly enhanced by aggregation induction at reduced flow rates.  Corresponding 
analyses on sGC activity levels in the smooth muscle layer showed that such enhanced 
NO bioavailability by aggregation could promote vasodilation.   
Overall, the findings from this study provide quantitative information on the effect of 
red blood cell aggregation on the layer width and its variability in the arterioles which 
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1.1. Functional roles of arterioles  
The microcirculation is often found embedded in major tissues and organs and is 
physiologically significant by providing a principal form of transport mechanism for 
material (oxygen, nutrients and metabolic waste) exchange between the blood stream and 
surrounding tissues in order to maintain homeostasis and bodily functions.  The final 
arterial ramification in the microcirculation, termed as the terminal arterioles (10 – 60 µm 
in diameter), are especially important for this purpose as they play a concerted role with 
postcapillary components (venules) to maintain a constant hydrostatic pressure in the 
capillaries to ensure efficient red blood cells perfusion and oxygen delivery to the tissues.  
Since these small arterioles can account for a large part of the intravascular pressure drop 
in the microvascular bed, they are often regarded as the resistance vessels (49, 125).  
Accordingly, the arterioles are normally responsible for at least 50% of total vascular 
resistance, primarily by changing vessel diameter.  However, any factor that changes 
resistance in the arterioles could have a significant effect on blood flow to the tissues.  
Arteriolar resistance would also be determined by a number of rheological parameters that 
include red blood cell aggregability, tube hematocrit and red cell flexibility.  These factors 
may vary in individual vessel segments of the network.   
The blood flow regulation by the arterioles provides an upstream mechanism that leads 
to the downstream recruitment of capillaries during hyperemia and exercise, which is 
essential for augmenting the blood delivery to actively meet the metabolic demands of the 





anatomically endowed with a continuous single layer of smooth muscle cells, which 
enables their dynamic adaptations in diameters to changes in both local blood flow 
properties and signals from the nervous system (50).  The inability to dynamically respond 
to these hemodynamic and neurogenic signals has important clinical implications, often 
associated with endothelial dysfunction and pathogenesis of vascular diseases (65).   
 
1.2. NO transport and vascular responses in arterioles 
The functional role of NO in the regulation of vascular tone is especially important in 
the arteriolar network of the microcirculation (47) and is mainly attributed to the 
specialized structure of the arterioles that enables active diameter changes in response to 
blood flow induced signals.  These small blood vessels are distinctively characterized by 
the presence of a NO-responsive smooth muscle layer that surrounds the endothelial cells 
which forms part of the vascular wall.  The endothelial cells serve as essential sites for NO 
production in the arterioles (43, 120) by responding to hemodynamic signals acting on the 
luminal surface of these cells exposed to blood flow.  NO is a highly reactive free radical 
that is formed from a two-step oxidation of L-arginine (1).  Due to its high diffusivity in 
interstitial fluids, the newly synthesized NO can readily diffuse from the endothelium in 
opposite radial directions into either the blood lumen or the smooth muscle layer. 
The bioavailability of NO in the smooth muscle layer is a critical determinant of 
vascular tone since NO can activate soluble guanylate cyclase (sGC), an enzyme that 
stimulates the release of cyclic GMP (cGMP).  This signaling molecule is responsible for 
relaxing the smooth muscle cells, causing vasodilation (4, 121).  Thus, physiological 
concentrations of NO required for eliciting smooth muscle relaxation often refer to the NO 





(35, 175) to 250 nM (153).  Due to the close proximity of the NO production source to red 
blood cells and the high reactivity of NO with hemoglobin (43, 99), it is unclear how 
sufficient NO can be maintained in the smooth muscle layer to elicit physiological 
response on vascular tone in the presence of the red blood cells (99) flowing in the blood 
lumen.  NO preservation is known to be a consequence of the attenuation of NO 
interaction with the hemoglobin by some forms of NO diffusion barrier.  While an initial 
study based on the “competitive experiment” (164, 165) as well as subsequent 
experimental and theoretical work (44) are in favor of intracellular diffusion limitations 
such as red blood cell membrane and associated cytoskeleton NO-inert proteins, other 
studies (101, 166) are supportive of extracellular diffusion factors such as the unstirred 
boundary layer surrounding each red blood cell and the presence of a red blood cell free 
layer (cell-free layer) near the vessel wall.   
Several mechanisms have proposed to explain the vascular responses of arterioles 
which could be mediated by myogenic, metabolic and endothelial factors (81, 135, 141).  
In the myogenic mechanism, the vascular tone is regulated by the contraction/relaxation of 
the smooth muscle layer adjacent to the vascular endothelium in response to a change in 
the intravascular pressure difference across the wall of the blood vessel (transmural 
pressure).  The metabolic control of vascular tone involves the release of vasodilators due 
to an increase in metabolic activity of the tissue or a decrease in oxygen delivery to the 
tissue.  The endothelial mediated mechanism, on the other hand, entails the production of 
potent vasodilators (nitric oxide (NO), prostaglandins) from the vascular endothelium in 
response to an applied mechanical stimulus (92, 130).  It is in general consensus among 





and could involve complex interactions that lead to a coordinated vascular response for 
blood flow regulation (109, 125).   
  In the endothelial mediated mechanism, the mechanical stimulus for the production 
of vasodilators is being attributed to tangential forces (shear forces) exerted by the flowing 
blood in contact with the luminal surface of the endothelium, commonly known as the 
wall shear stress (WSS).  Studies (48, 93) have reported an increase in the production of 
NO and prostacyclin by human endothelial cells subject to an augmentation in flow-
induced shear stress and this effect was more pronounced with a pulsatile than a steady 
shear stress.  As blood is a heterogeneous mixture comprising of both cellular and 
plasmatic components, the WSS magnitude could be modulated by changes in 
hemodynamic forces exerted by these components during flow in the vessel.  These forces 
can be in turn influenced by rheological factors such as red blood cell aggregation and 
flow rate.   
 
1.3. Cell-free layer formation in microvessels 
It has been long established that red blood cells flowing in a narrow tube are subjected 
to hydrodynamic forces that favor migration of the cells to the center of the tube in a 
process known as red blood cell axial migration (40, 58, 103, 140).  Axial migration of the 
red blood cell is induced by the “tank-treading” motion of its deformable cell membrane 
which arises from both compressive and tensive forces acting on the cell under the 






Figure 1.1: Tank-treading phenomenon of a red blood cell leading to axial migration. 
[adapted from (106)]. 
 
This form of migration leads to the formation of a cell-free layer near the vessel wall 
(58, 106) (see Fig. 1.2) but is limited by an opposing force due to collisions among red 
cells that favors cell movement away from the center.  The cell-free layer width is defined 
as the distance from the outer edge of red blood cell core to the luminal surface of the 
endothelium.  As a result, the cell-free layer width represents the dynamic positioning of 
the outermost red blood cells in the cell core of the flow stream.  The forces, as 
determined by a combination of shear-induced or other relevant forces (dispersive or 
aggregating forces) acting on the surface of the cells, vary with time and position leading 
to temporal and spatial variations in cell free layer width.  The magnitude of the forces in 
the radial direction may also differ for cell-wall and cell-cell interactions that in turn may 
lead to an asymmetrical structure of the cell-free layer about its mean width.  Due to 
technical considerations, almost all of the current information on the cell free layer and 
underlying processes has been obtained from in vitro studies.  The applicability of these 














Figure 1.2: A & B: Cell-free layer formation in small vessels in vivo and in vitro, 
respectively. 
 
To allow better control in elucidating specific rheological effects on the cell-free layer 
characteristics, blood perfusion experiments designed for the examination of the cell-free 
layer formation in blood flow were conventionally performed in small glass tubes or in 
microvessels of whole organs isolated from animals (133, 154, 156).  By correlating the 
measurements of the layer width from recorded images of blood flow in the vessel with 
corresponding determinations of blood flow related parameters (WSS, flow resistance), it 
was suggested that the layer could influence a myriad of important physiological 
functions.  However, the direct applicability of these experimental findings to the 
prediction of in vivo circumstances is subject to potential limitations for several reasons: 
(1) Cell-free layer width measurements obtained from in vitro and ex vivo experiments 
were not in consensus despite being performed under similar experimental conditions.  
Accordingly, cell-free layers determined in glass capillaries were found to be consistently 
thicker than those in microvessels of the isolated rabbit mesentery with corresponding 
diameters at a physiological level of hematocrit (45%) (154).  (2) The vascular network is 
distinctively characterized by the continuous presence of branching points throughout the 









diameter ratios (<< 100:1 to 1000:1) as compared to the single tubes used in the in vitro 
studies (19).  As suggested by Bishop and coworkers (18), this geometrical discrepancy 
could potentially contribute to the retardation of the cell-free layer formation in the 
venular network due to the constant infusion of cells from converging branches of the 
network.  However, since the flow topography in the arteriolar network (diverging) is of 
mirror image to that of the venular network (converging), the process of cell-free layer 
formation in the arteriolar network could differ from that in the venular network and 
would necessitate investigation.  (3) Blood flow in a living tissue model is subject to 
systemic influences such as the pulsatile effects of blood flow due to the cardiac cycle and 
the homeostatic mechanisms that can actively or passively influence blood flow regulation 
(145).  Due to the dependence of the cell-free layer formation on vessel diameter, the 
compensatory vascular control mechanisms of in vivo blood flow in response to 
hemodynamic disturbances is likely to affect the layer formation through changes in 
vessel geometry.  (4) The mechanical and physical properties of microvessels differ from 
those of glass and polymeric tubes.  One notable discrepancy is the presence of the 
glycocalyx (~0.5 µm) in the microvessels which is a layer of membrane bounded 
macromolecules consisting of sulfated proteoglycans, hyaluronan, glycoproteins, and 
plasma proteins coating the luminal surface of the endothelial cells that form the vascular 
wall (170).  As the glycocalyx acts as the interface between the endothelial cells and the 
flowing blood, it could impede plasma flow near the vessel wall and alter the moving 
pattern of red blood cells in the flow stream.  This could in turn modify the characteristics 
of the layer formation (128).   
In view of the above factors, it is inevitable that in practice, a well executed 





developing a better understanding of in vivo cell-free layer formation and its physiological 
implications.  The rat cremaster muscle preparation can serve as a useful animal model for 
microcirculatory flow visualization which allows direct measurements of dynamic 
changes in the lumen and wall of the small blood vessels during the hemorheological 
alterations of blood flow (6).  It is also desirable for the examination of the effect of red 
blood cell aggregation on cell-free layer formation in the microvessels since rat blood does 
not exhibit aggregation under physiological conditions but can be induced to aggregate 
upon the addition of high molecular weight dextrans. 
                    
1.4. Cell-free layer measurement in arterioles  
There has been a lack of detailed information on cell-free layer formation in the 
arterioles due to the limitations of conventional layer measurement techniques and the 
complexity of the vascular network.  To date, information regarding the cell-free layer 
width has been restricted to estimations by visual inspection with an eyepiece micrometer 
or manual determinations from recorded video images based on intravital microscopy (2, 
104, 150, 154, 156).  Conventionally, spatial or temporal information of cell-free layer 
width is manually determined by averaging the layer widths at either several locations 
along the vessel segment (spatial variation) (2, 104) or at a fixed location along the vessel 
from images of consecutive time frames (temporal variation) (150, 154, 156).  In either 
way, the accuracy of the layer width measurements can be compromised due to the limited 
number of data points and the ambiguities in measurements introduced by the human 
subjects.  As a result, the cell-free layer width obtained by such means is more 
appropriately considered as a cell-poor layer rather than a cell-free layer.  Furthermore, 





variation, but are too infrequent to obtain detailed information to fully depict the spatial or 
temporal variation of the cell-free layer width (82). 
Major advancements in optical technology have presented an excellent opportunity to 
researchers to examine and quantify the micro-structural details of the cell-free layer.  
Recently, a histogram-based thresholding technique has been proposed by Kim and 
coworkers (82), which offers a solution to provide for the first time quantification of 
temporal changes in the cell-free layer width at a particular location along the microvessel.  
Their technique involves establishing a global threshold level by the Otsu’s method which 
is used to convert the time-stacked grayscale intensity image into a binary image that 
enables one to distinguish between the erythrocyte flow column (object pixels) and the 
cell-free layer (background pixels).  After the binarization, the cell-free layer width can be 
determined by counting the number of background pixels between the erythrocyte flow 
column and luminal vessel wall whose location is known.  Figure 1.3 shows the temporal 
variations of the cell-free layer width at two sites on opposite sides of an arteriole (internal 
diameter (ID) = 40 µm) obtained by this method.  Based on the specifications of their 
microscopic system, this method is capable of providing continuous micro-structural 
information of the interface between the erythrocyte flow column and cell-free layer at a 
spatial resolution of ~0.4 µm in the radial direction and at a temporal resolution that is 
dependent on the framing rate of the video camera.  The spatial resolution in the 
longitudinal direction of blood flow can be obtained by multiplying the temporal 
resolution with the edge cellular velocity of the erythrocyte flow column.  To ensure that 
the cell-free layer width measurement includes every single outermost cell that forms the 
erythrocyte column, it is proposed that a spatial resolution of at least 2 µm in the 





required.  To achieve this, a sufficiently high framing rate is recommended for the 
recording of arteriolar blood flow.   
 
Figure 1.3: Temporal variability of cell-free layer width on opposite sides of an arteriole 
by a computer-based method [adapted from (83)]. 
 
Although this technique is relatively easy to apply and has reduced the ambiguities 
relating to manual measurements, its efficiency of the cell-free layer width measurements 
in small microcirculatory vessels may be highly dependent upon experimental setup and 
resulting image quality (112).  Therefore, one will need to examine several methods for 
their efficacies in the layer width measurement before selecting the most suitable one for 
the experimental conditions.  Namgung et al. (112) have recently reported a consistent 
erroneous overestimation of the layer width in small arterioles using the Otsu’s method 
based on their experimental system, which was attributed to the unequal class variance of 
intensity-level histogram of the time-stacked image.  In that study, an alternative 
thresholding method based on the Minimum algorithm has been suggested as a means to 
overcome the limitation of the Otsu’s method.  The sequence of image analyses involved 
in layer width measurement based on the Minimum algorithm is shown in Fig. 1.4A.  As 





determined from the probability distribution of intensity values of the contrast-enhanced 
grayscale image in Fig. 1.4A which corresponds to the smallest probability value.  It is of 
note that in all of the above studies, the luminal vessel wall location was manually 
determined from the intensity profile of an analysis line drawn across the vessel.   
 
Figure 1.4: A: Image analyses for cell-free layer width measurement based on the 
Minimum thresholding algorithm.  From left to right: Grayscale image obtained after 
image reconstruction from 500 time frames. Contrast of reconstructed image enhanced.  
Binary image obtained by applying Minimum thresholding algorithm.  B: Probability 
distribution of reconstructed grayscale image.  Highlighted is the gray level threshold 
intensity selected based on the Minimum thresholding algorithm [modified from (112)]. 
 
The microcirculatory vessels contain erythrocytes encapsulated hemoglobin that 
absorbs light (45).  Therefore, less light is expected to be transmitted through the tissue in 
the region defined by erythrocyte flow as opposed to other areas without flowing 
erythrocytes, in turn providing a contrast between the erythrocyte column and background.  
Within the blood vessel itself, axial migration of the erythrocytes can cause a non-uniform 
radial distribution of erythrocytes in the vessel that is characterized by a higher cellular 
content at the center than at the periphery of the vessel (103).  Furthermore, the lumen of 































































































the arteriole is usually circular in shape (125).  The decrease in geometrical thickness of 
the vessel cross-section along the radial direction from its center to wall also allows more 
cells to reside near the center of the vessel than its wall.  Thus, there could be a greater 
absorption of light in the vessel near the centerline of the erythrocyte flow column than at 
its periphery.  The greater amount of light transmittance at the periphery of the erythrocyte 
flow column could potentially result in areas of faint grey color on the grayscale intensity 
image whereas much darker grey regions can be observed close to the centerline of the 
erythrocyte flow column where light transmittance is lower.  Owing to these 
characteristics of the grayscale intensity image of blood flow, the cell-free layer width 
measurement through binarization of the image using existing histogram-based 
thresholding methods based on a global threshold level could be adversely subjected to 
problems associated with defining the location of the edge of the erythrocyte column since 
the faint grey regions of the column could be potentially excluded from part of the 
column.   
 
1.5. Rheological effects on cell-free layer formation  
Red blood cell aggregation is a prominent feature in blood of humans and other 
athletic species but is not found in non-athletic species (126).  This shear rate dependent 
rheological property accentuates the non-Newtonian behavior of blood by reversibly 
promoting the formation of multicellular aggregates at low shear rates.  Thus, red blood 
cell aggregation is the major determinant of low-shear blood viscosity and is expected to 
affect blood flow in parts of the microcirculation that experiences low shear.  Two 
coexisting theories, namely the bridging theory (30) and depletion theory (131), have 





recent years, the depletion theory has been more popular with researchers.  The bridging 
hypothesis postulates that macromolecules may be adsorbed onto the surface of more than 
one cell, leading to a bridging effect between cells while the depletion hypothesis 
postulates that the lowering of macromolecule concentration in the vicinity of red blood 
cells can lead to an osmotic gradient which draws fluid away from the intercellular gap 
and enhances the tendency for adjacent cells to come together.  It is clear that with both 
mechanisms, macromolecules have a common role of reducing the effective distance 
between red blood cells, thus possibly increasing the likelihood of collisions between the 
cells due to their close proximity and favoring the formation of aggregates (84). 
The physiological importance of red blood cell aggregation is not well understood but 
could be linked to an enhanced formation of cell-free layer in microcirculatory blood flow.  
It is in consensus from many previous studies (104, 133, 134, 150, 156) that cell-free layer 
formation in small tubes can be enhanced by the aggregation induction of blood flow 
which is attributed to an accelerated axial migration of the red blood cells.  In 
microcirculatory blood flow, whether or not red blood cell aggregates can form in the flow 
stream also depends on the magnitude of shear forces acting on the red blood cells in their 
flow environment (9, 142).  Under physiological flow conditions defined by high shear 
rates, red blood cells tend to remain dispersed and exist as single cells and thus aggregates 
are not expected to form.  However under pathological flow conditions where shear rates 
can be drastically reduced, the lower shear forces can move the red blood cells into 
contact and spontaneously form multicellular aggregates (64). 
Due to the shear dependence of aggregates formation, the extent of cell-free layer 
formation through red blood cell axial migration is expected to vary in different parts of 





the rat cremaster muscle for instance, blood flow in vessel segments (ID = 10 – 55 µm) in 
the terminal region of the arteriolar network is typically characterized by pseudoshear 
rates (mean cellular velocity/vessel diameter) ranging from 100 to 600 s
-1
(115).  By 
impeding the formation of red blood cell aggregates, these high shear rates can retard 
pronounced formation of the cell-free layer.  On the contrary, in pathological flow 
conditions, pseudoshear rates can essentially fall over an order of magnitudes to < 100 s
-1
 
(115).  These lower shear conditions are otherwise conducive for significant cell-free layer 
formation through enhanced red blood cell axial migration by the prominent aggregates 
formation.   
Experimental findings of a threshold pseudoshear rate at which prominent layer 
formation can occur in the microvessels under aggregating conditions have been 
contradictory.  Bishop et al. (19) had demonstrated that a significant increase in cell-free 
layer width can occur in the venular flow only when pseudoshear rates are reduced to < 5 
s
-1
.  Conversely, Ong et al. (115) had observed significant cell-free layer formation in the 
arteriolar flow at higher pseudoshear rates by more than three folds (17.0 ± 6.1 s
-1
) under 
similar aggregating conditions.  This discrepancy could highlight an influence of the 
network flow topography on the layer formation.  Nonetheless, no significant effect of 
aggregation on the layer formation in the arterioles was found at physiological normal 
flow conditions (220.3 ± 123.4 s
-1
) since prominent red blood cell aggregates are unlikely 
to develop in the arteriolar network at these high pseudoshear rates (83).   
Apart from hydrodynamic forces imposed by the flow environment, the 
physicochemical properties of the medium suspending the red blood cells can also play a 
major role in affecting the extent of red blood cell aggregation.  In athletic species 





immunogloblins) with high molecular weight (MW > 60 kDa) is responsible for 
promoting the contact of red blood cells in order to form aggregates (9, 143, 151).  On the 
other hand, artificially synthesized high molecular weight polysaccharides such as 
Dextrans 70 and 500 (MW ~70 kDa and 500 KDa) have been effectively exploited as a 
suitable aggregant to induce and elevate red blood cell aggregation in many in vitro and in 
vivo experimental studies (28, 42, 70).  In fact, the adjustment of red blood cell 
aggregation by this means has demonstrated a strong correlation with the aggregation 
induced by plasmatic factors (108) which can be seen in Fig. 1.5.   
 
Figure 1.5: Relationship between the extents of red blood cell aggregation for human red 
blood cells suspended in 70 kDa dextran and in autologous plasma [adapted from (107)]. 
 
Although natural or synthetic macromolecules are capable of inducing and elevating 
red blood cell aggregation in a standard aqueous medium, one drawback of this 
application in the study of hemorheological effects imposed by aggregation lies in a 
parallel augmentation of the medium viscosity.  As a result, the increase in blood plasma 
viscosity following the intravenous injection of the dextran solution to induce aggregation 
in the rat could potentially interfere with vascular tone regulation by augmenting 











































in rats after Dextran 500 intervention to simulate both physiological and pathological 
human levels of red blood cell aggregation did not seem to significantly alter the 
aggregation effects on cell-free layer formation according to previous studies (84, 115).  
 
1.6. Rheological disorders in diseases 
 
Figure 1.6: A & B: Aggregates formation in blood of healthy human and cardiac patient, 
respectively [adapted from (76)]. 
 
Extensive clinical research has continuously shed light on the alteration of blood 
rheological properties in cardiovascular-linked diseases.  In particular, red blood cell 
aggregation has been linked to pathophysiology in numerous diseases found in humans.  
Figure 1.6 compares the typical morphology of red blood cell aggregates found in blood 
of healthy humans and cardiac patients.  It is apparent that aggregates formation becomes 
intensified in the latter.  In many clinical studies (12, 31, 32, 80, 97, 117, 137), an 
intensification of red blood cell aggregation was suggested to play a role in hypertension, 
sepsis, nephrotic syndrome, diabetes mellitus type II and cardiac syndrome X through the 
reduction in microvascular blood flow following the augmentation of effective blood 
viscosity.  These diseases are thus often characterized by tissue necrosis and ischemia at 
the microcirculatory level.  Few of the above studies (31, 97) have however speculated 






may contribute to the impaired functioning at the tissue level.  To ascertain any 
pathophysiological role of the cell-free layer in microcirculatory functions, it would be 
imperative to acquire quantitative information on the layer width characteristics in the 
presence of rheological abnormalities in red blood cell aggregation.   
 
Figure 1.7: Modulation of hemorheological vicious cycle by the cell-free layer in the 
microcirculation [modified from (8)].  An enhanced red blood cell aggregation as a result 
of the acute phase products released from inflammatory reactions may help to alleviate the 
increase in blood viscosity in the microvessels by promoting a more pronounced layer 
formation. 
 
The above diseases in humans are also usually correlated with an augmentation of 
blood plasma viscosity due to the corresponding increase in the concentration of plasmatic 




























down microvascular blood flow.  The increase in blood flow resistance under such 
circumstances with the intensification of red blood cell aggregation is usually 
accompanied by an elevated arterial blood pressure (105), possibly contributing to arterial 
hypertension.   
The significance of hemorheological alterations on microvascular functions has been 
critically reviewed (149, 159).  As suggested by Baskurt (8), the slow-down in blood flow 
arising from an intensification of aggregates formation could contribute to the 
pathological state of circulatory insufficiency particularly if vascular autoregulatory 
mechanisms become dysfunctional.  As elaborated in the flow chart (Fig. 1.7), this 
disorder involves a “vicious dual-cycle” that could synergistically aggravate the reduction 
of blood flow by a common mechanism in the form of elevation in the blood viscosity (8, 
152).  Accordingly, local disturbances of homeostasis such as hypoxia, acidosis, metabolic 
debt and waste accumulation during circulatory insufficiency could inflict damage on the 
tissues and impair the mechanical properties of the red blood cells by decreasing their 
deformability.  In the case of tissue damage, the acute phase products that are released as a 
result of inflammatory reactions could enhance red blood cell aggregation while the 
activation of leukocytes could produce excessive oxygen free radicals that cause oxidative 
damage of the red blood cell membrane which further increases the rigidity of the cells.  
These modifications of the blood rheological properties (cellular aggregation and 
deformability) could lead to augmentation of the blood viscosity.  On the other hand, it 
would be important to consider the effects of changes in the cell-free layer formation at 
the microcirculatory level on the blood viscosity due to altered blood rheological 
properties.  An enhanced layer formation by the intensification of red blood cell 





viscosity caused by aggregates formation, thus slowing down the pathogenesis of the 
circulatory disorder.   
At present, studies that examined the effect of red blood cell aggregation on cell-free 
layer formation lack hemo-rheological relevance to humans and thus, the 
pathophysiological impact of the layer remains elusive.  For those (42, 104) that emulated 
pathological hyper levels of aggregation in blood flow, large amount of dextrans (Dextran 
70 or 500) were typically added to the blood, without quantitative matching of the 
aggregation levels with those measured in diseased human blood.  Furthermore, these 
studies did not seek to acquire temporal and spatial information of the cell-free layer 
variation despite recent suggestions (111, 146) on its possible physiological significance.  
For these reasons, there is a strong need to conduct a more thorough examination of the 
layer formation under defined levels of red blood cell aggregation, specific to those found 
in humans under both physiological and pathological conditions. 
 
1.7. Physiological implications of cell-free layer 
Previous in vitro studies (104, 133, 134, 156) attempted to unravel the functional 
importance of red blood cell aggregation in relation to changes in mean cell-free layer 
width.  Comparing the perfusion of long vertical glass tubes with human blood and red 
blood cells suspended in a non-aggregating buffer (saline or albumin) at low pseudoshear 
rates of < 10 s
-1 
(133, 134), red blood cell aggregation at low shear forces was capable of 
attenuating the elevation of effective blood viscosity and flow resistance through an 
increase of cell-free layer width.  Utilizing an isolated rabbit mesentery model (104), mean 
cell-free layer width was also found to increase with the infusion of incremental 





was suggested that this change in the mean layer width could be instrumental in 
modulating the overall flow resistance of the vascular network.  The above findings 
suggest that the cell-free layer acts as a lubricating layer that reduces flow resistance and 
the extent of this effect may be dependent on the layer width.  This would be particularly 
important in the arterioles due to the role of these vessels in blood flow regulation.  
 
Figure 1.8: Two dimensional drawings of red blood cells flowing in a vessel illustrating 
the effect of temporal variations in the cell-free layer width on WSS.  Two scenarios were 
considered: (A) with and (B) without temporal variations in layer width.  The black 
ellipsoids represent individual red blood cells while the same cellular velocity was 
assumed in both scenarios.  [Adapted from (111)]. 
 
Alonso et al. (2) has qualitatively described the geometry of the interface between the 
cell-free layer and red blood cell core as irregular outer contours which are more 
pronounced under reduced flow rather than normal flow state in vertical tubes perfused 
with human blood.  Such variations of cell-free layer width in small tubes are also evident 
in many other studies (33, 133, 134, 154) where red blood cell aggregation is present.  A 
recent theoretical study (146) has suggested that variability in the cell-free layer could 


































additional viscous dissipation.  In our recent study (111), we proposed that the temporal 
variations in the layer width could enhance WSS in small arterioles.  As illustrated in Fig. 
1.8, the case (A) of blood flow with layer width variations experiences a higher WSS than 
that (B) without layer width variations even though mean layer width is the same in both 
cases.  Hence it appears that not only the mean magnitude but variations of the cell-free 
layer width in either the spatial or temporal domain are important when considering any 
physiological implications relating to cell-free layer characteristics.   
 
Figure 1.9: Possible effects of the cell-free layer on NO transport in an arteriole.   
 
As shown in Fig. 1.9, NO transport in small arterioles is complicated by formation of 
the cell-free layer since there could be opposing influences imposed by the layer (62).  
The cell-free layer creates a physical diffusion barrier to NO transport by widening the 
separating distance from the NO source in the endothelium to red blood cells in the flow 
stream.  This phenomenon is likely to lower the exposure of NO to scavenging by red 
blood cells in the blood lumen which in turn helps to improve the preservation of NO 
bioavailability in the arteriolar vessel (99, 166).  On the contrary, NO preservation could 
be attenuated by an increase in NO scavenging rate caused by a more compact red blood 
cell core in the blood lumen due to the cell-free layer (95).  Furthermore, it is also possible 
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that NO production in the endothelium could be mitigated by a diminished WSS due to 
the reduction in effective viscosity near the vessel wall (13, 173).   
Most computational studies (29, 95, 166) that examined the effect of the cell-free layer 
formation on NO transport in the arterioles utilized a steady state layer model where the 
layer width is non-varying in the time domain, resulting in constant rates of NO 
scavenging by the red blood cells and NO production in the endothelium.  However, since 
the transient behavior of the layer width could lead to an augmentation of WSS, this 
increase in mechanical stimulus acting on the arteriolar endothelium would then be 
expected to enhance NO synthesis.  In addition, it might also be possible that NO 
bioavailability in the arteriole can be further modulated by an alteration in NO scavenging 
of the blood core due to transient changes in core hematocrit which varies simultaneously 
with the layer width.  Despite the possible influences that temporal variations in the layer 
width can impose on NO bioavailability in the arteriole, this effect has not been examined.  
The WSS is known to be a key stimulus for the endothelial production of vasodilators 
and could be attenuated by an enhanced formation of the cell-free layer with an increase in 
the red blood cell aggregation level.  However, it remains unclear whether a modulated 
WSS response in the arterioles by the cell-free layer could be involved in mediating the 
effects of aggregation on arteriolar autoregulatory responses.  This could be due to the 
lack of a validated methodology that would realistically enable the approximation of the 
WSS in arteriolar blood flow with consideration of both the cell-free layer and its 
variability.  This problem could be overcome by the recent development of a validated 
methodology that enables the determination of WSS in the arteriole principally from 






1.8. Cell-free layer formation at arteriolar bifurcations 
The arteriolar network is characterized by a diverging flow pattern where blood flow 
from an upstream parent vessel is repeatedly split into two or more downstream daughter 
vessels at successive bifurcations along the flow direction.  These flow structures in the 
arteriolar network can lead to heterogeneity of red blood cells distribution in the network 
by triggering the effects of red blood cell screening (103) and plasma skimming (53, 122) 
shown in Fig. 1.10.   
 
Figure 1.10: Red blood cell screening and plasma skimming at an arteriolar bifurcation.  
The black ellipsoid represents a red blood cell. 
Red blood cell screening takes place near the orifice of a daughter vessel due to 
interactive forces between the red blood cells which cause the trajectories of these cells to 
deviate from the fluid streamlines.  Plasma skimming, on the other hand, arises from the 
feeding of the peripheral cell-free layer in the parent vessel into its daughter vessel.  By 













upstream flow into the downstream vessels, these phenomena could potentially modify the 
extent of the cell-free layer formation in these vessels (55, 119).  Therefore, spatial 
variations of the layer formation are expected to exist in the arteriolar network due to its 
branching topography.  However, a clear understanding of this phenomenon has not been 
established since experimental studies to date (83, 115, 138) that have attempted to 
examine the arteriolar cell-free layer formation were typically focused on regions of vessel 
segments in the network that are not subject to the direct effects of flow divergence at the 
bifurcation.  As a result, the significance of the cell-free layer in the regulation of 
physiological functions and its functional influences in vivo are elucidated based only on 
such biased and limited selection of the layer information from the arteriolar network 
(104, 111, 155).   
In order to acquire a better understanding of the cell-free layer formation in the 
arteriolar network and its consequential physiological impact at the tissue level, an 
integrated approach which incorporates the element of network effect on the pattern of the 
layer formation is necessary (85).  The fundamental step in this approach would require an 
investigation of how the cell-free layer formation in the arteriolar blood flow could be 
affected by flow partitioning at a bifurcation.  Due to the strong dependence of the layer 
formation on feed hematocrit into the vessel (138), the extent of the layer formation in the 
downstream vessels of an arteriolar bifurcation could be determined by several factors that 
affect the amount of red blood cell flux from the upstream flow into these vessels.  These 
factors include the proportion of upstream volume flow distribution between the 
downstream vessels (26, 52) and the characteristics of the layer formation in the parent 





vessel (25, 118).  In the downstream vessels, the characteristics of the layer formation can 
be influenced by rheological properties including geometrical (length and diameter of the 
vessel segment (25, 27)) and flow (cellular velocity (75)) properties  as well as 
hemorheological properties such as hematocrit (39) and red blood cell aggregation (119).   
The characteristics of the cell-free layer formation in unbranched regions of small 
arterioles were previously examined (83, 115, 156).  Kim et al. (83) have reported a 
significant discrepancy (~0.5 ± 0.4 µm) in mean layer widths on opposite sides of an 
unbranched arteriole (41-µm ID) in normal flow conditions (pseudoshear rate = 288.2 ± 
150.5 s
-1
) in the absence of red blood cell aggregation effects.  However, such asymmetry 
of the layer widths may not be apparent in in vitro studies (33, 134) with the perfusion of 
human blood in small glass tubes since the large length-to-diameter ratios (> 100:1) of the 
tubes could facilitate the development of an axisymmetrical red blood cell core in the 
vessel by promoting axial migration of the cells.   
Both experimental and theoretical studies (46, 75, 89, 124) are in consensus that large 
asymmetries of the layer widths can develop on opposite sides of the downstream vessel 
due to blood flow partitioning at a diverging bifurcation.  It would be of functional 
importance to consider how the asymmetry of the layer width can vary along the 
downstream vessel since a previous theoretical study (37) has shown that such 
heterogeneity of the layer formation in blood flow of microvessels could potentially 
augment the effective blood viscosity and increase the flow resistance.  Furthermore, if 
these asymmetries are present in the parent vessel (i.e. thicker layer on its side adjacent to 
the side branch) prior to an arteriolar bifurcation, the extent of plasma skimming into the 
side branch could be enhanced, leading to greater non-uniformity in the phase separation 





formation in the downstream vessel can presumably take place through the axial migration 
of red blood cells.  Therefore, red blood cell aggregation that enhances this migration 
pattern could play a critical role in the symmetry recovery of the layer formation in the 
downstream vessel.  This effect was noted by Kim et al. (83) where in their study, a more 
axissymmetrical blood core in an unbranched arteriole was observed after aggregation 
induction, suggesting that the asymmetry of the layer formation on opposite sides of the 
arteriole could be reduced by aggregation.  Conversely, it was suggested that red blood 
cell aggregation could augment the heterogeneity in the layer formation between 
downstream vessels of the bifurcation by enhancing the plasma skimming effect (119).   
 
Figure 1.11: A & B: Plasma skimming at an arteriolar bifurcation in the rat cremaster 
muscle before and after aggregation induction, respectively. 
 
As shown in Fig. 1.11, substantially fewer cells are observed to enter the smaller side 
branch from the parent vessel after aggregation induction at reduced flow (35.5 ± 3.3 s
-1
).  
This phenomenon apparently enhances the presence of the plasma layer in the side branch 
relative to that in the larger downstream vessel.  At present, experimental studies (51, 55, 
119) have examined the effects of red blood cell aggregation at a diverging bifurcation 
















transport in the context of their radial distributions and fluxes in the downstream vessels.  
There is however a notable lack of quantitative information on the spatial variations in the 
layer formation in the vicinity of an arteriolar bifurcation and its possible modulation by 

























2. HYPOTHESES & OBJECTIVES 
 
2.1.  Key Hypothesis 
Red blood cell aggregation enhances the mean and variability of the layer width in 
small arterioles and this effect becomes more pronounced with pathological (hyper) levels 
of aggregation at reduced flow conditions.  The layer variability is capable of improving 
NO bioavailability and vascular tone in the arterioles and these effects can be enhanced by 
aggregation.    
 
2.2. Objectives 
The purpose of this PhD dissertation is to quantify the effect of red blood cell 
aggregation on the mean and variability of the layer width in the arterioles under normal 
and diseased circumstances.  The information is then used to elucidate how the layer 
variability could modulate NO transport and vascular tone regulation in the arterioles 
under the effects of aggregation.  The objectives of this project were planned to be 
systematically executed in three stages.   
 
2.2.1. STAGE I: Cell-free layer width measurement in arteriolar flow 
In this study, we seeked to develop a fully automated method (Grayscale method) that 
systematically provides local detections of the inner vessel wall as well as the boundary 
between the cell-free layer and erythrocyte column without binarization of the gray-scale 





in an image at which the image brightness changes sharply or more formally has 
discontinuities in pixel intensity (176).  As in typical edge detection algorithms (24, 158), 
criteria are imposed to decide among all other local maxima in intensity gradient on the 
boundary of interest.  Under the assumption that faint grey regions at the edge of the 
erythrocyte column are part of the column, we developed the Grayscale method to 
overcome the drawback associated with histogram-based thresholding methods by 
incorporating these regions as the column. 
 
2.2.2. STAGE II: Effect of red blood cell aggregation on cell-free layer formation in 
arteriolar blood flow 
(a) Single vessel approach 
Cell-free layer formation at physiological levels of red blood cell aggregation  
We tested the hypothesis that formation of the cell-free layer in arterioles will not be 
significantly influenced by red blood cell aggregation under physiological flow conditions 
due to high shear rates but the aggregation will enhance the layer formation in low flow 
conditions that are found in certain pathophysiological states.  Thus, we examined the 
influence of red blood cell aggregation on the cell-free layer characteristics at normal and 
reduced arterial pressures.  To ascertain the hemo-rheological relevance to humans and 
other athletic species, the degree of red blood cell aggregation was adjusted to levels seen 
in normal human blood.  To better understand how the cell-free layer characteristics are 
altered by these rheological changes, we carried out detailed analyses on distribution of 
cell-free layer widths about their mean value including the tendency for the cell-free layer 






Cell-free layer formation at pathological levels of red blood cell aggregation 
In this study, we aimed to provide detailed quantitative information on the cell-free 
layer at aggregation levels relevant to pathological conditions in humans.  We tested the 
hypothesis that at pathological (hyper) aggregation levels of red blood cells, the layer 
formation can be significantly enhanced at substantially high pseudoshear rates (>> 17.1  
6.1 s
-1
).  To test this hypothesis, arteriolar blood flow visualization in the rat cremaster 
muscle was carried out before and after aggregation induction in both normal and reduced 
flow conditions.  The levels of red blood cell aggregation were adjusted to those observed 
in human blood under physiological and pathological conditions. 
 
(b) Bifurcation approach 
Spatio-temporal variations in cell-free layer formation near an arteriolar bifurcation 
To examine how the cell-free layer formation could be affected by blood flow 
separation at the arteriolar bifurcation, this study investigated the dynamic process of the 
layer formation in the vicinity of an arteriolar bifurcation and in the process, determined 
the extent to which the pattern of the layer formation is being propagated from the 
upstream vessel to its downstream branches.  Since the symmetry of the layer widths on 
opposite sides of the vessel is of functional importance, we examined how this layer width 
characteristic can vary in both the upstream and downstream vessels.  We also 
investigated how the proportion of upstream flow redistribution into the downstream 






Effect of erythrocyte aggregation on cell-free layer formation near an arteriolar 
bifurcation  
This study aimed to clarify how the extent of the cell-free layer formation near an 
arteriolar bifurcation could be modulated by red blood cell aggregation.  Flow was 
mitigated in the arterioles to induce aggregates formation and aggregation was adjusted to 
both physiological normal-aggregating and pathological hyper-aggregating levels.  We 
tested the hypothesis that the symmetry recovery of the layer widths on opposite sides of 
the downstream vessel can be enhanced by red blood cell aggregation in reduced flow 
conditions.  Since an intensified level of red blood cell aggregation could potentially 
enhance plasma skimming at the bifurcation, we also investigated if the layer has a greater 
tendency to form in the smaller downstream vessel after aggregation induction in reduced 
flow states.   
 
2.2.3. STAGE III: Modulation of NO bioavailability by temporal variations of the cell-
free layer width in the arterioles: Effects of red blood cell aggregation  
Development of a transient NO transport computational model to predict the modulation 
of NO bioavailability in the arteriole by temporal variations of the layer width 
Our previous study (111) had demonstrated that temporal variations of the layer width 
could lead to an augmentation of WSS.  This increase in mechanical stimulus acting on 
the arteriolar endothelium would be expected to enhance NO synthesis.  We hypothesized 
that temporal variations in the layer width would improve overall NO bioavailability in 
the arteriole predominantly through the transient modulation of WSS and NO production.  
In this study, a time-dependent computational model on NO transport was implemented to 





cremaster muscle were used for the model.  We examined how transient changes in 
physiological responses accompanying the temporal variations in the layer width can 
affect theoretical predictions of NO bioavailability that are based on a steady state model.  
The latter is defined by a uniform cell-free layer width with constant rates of NO 
scavenging and NO production.   
 
Modulation of NO bioavailability in the arteriole by temporal variations of the layer 
width: Effects of red blood cell aggregation 
The results from STAGE II(a) showed that the temporal variations of the cell-free 
layer width in arterioles were enhanced after aggregation induction whereas in the first 
part of STAGE III, the temporal variations of the layer width were found to improve the 
preservation of NO bioavailability in the arteriole predominantly due to transient 
responses in WSS and NO production rate.  
Based on the above findings, we tested the hypothesis that the increase in the temporal 
variations of the cell-free layer width by aggregation could produce a greater enhancement 
of NO bioavailability in the arterioles.  This in turn could potentially affect the 
autoregulation of blood flow in the arterioles by enhancing vasodilation.  In vivo cell-free 
layer data from STAGE II(a) obtained from arterioles of the rat cremaster muscle were 
applied to our computational model of NO transport in an arteriole.  To examine the effect 
of red blood cell aggregation on NO bioavailability, two scenarios were considered, one 
(CASE I) where no temporal changes in physiological responses (NO production and red 
blood cell scavenging) occur and the other (CASE II) where both physiological responses 
occur in synchronization with the layer width variations.  An overview of the project is 






Figure 2.1: Flowchart summarizing the three key stages of the research project 
STAGE I
Development of a New Methodology for 
CFL Width Determination in Arterioles
 Propose a new method to measure the CFL
width in the arteriole which can overcome the
problem of layer width overestimation that could
arise from the use of conventional histogram-based
methods
Effect of Red Blood Cell Aggregation on 
Arteriolar Cell-Free Layer (CFL) 
Formation and its Physiological Functions
 Provide quantitative information on the effects
of red blood cell aggregation on the mean and
variability of the CFL width in small arterioles
 Understand how NO transport and vascular tone
could be modified by the dynamic variations of the
CFL width
 Investigate the effect of red blood cell
aggregation at physiological and pathological
human levels on the mean and variability of the
CFL width in arteriolar blood flow based on the
following:
(a) Single vessel approach
(b) Bifurcation approach
STAGE II
Effect of Red Blood Cell Aggregation on 
CFL Formation in Arterioles
 Develop a time-dependent computational model
of NO transport in an arteriole to predict the
effects of temporal variations in the CFL width on
NO bioavailability in the arteriole
 Investigate how red blood cell aggregation could
modulate the effects of temporal variations in the
CFL width on NO transport
STAGE III
Modulation of NO Bioavailability by 
Temporal Variations of CFL Width in 






3. STAGE I: AN AUTOMATED METHOD FOR CELL-FREE LAYER WIDTH 
MEASUREMENT IN SMALL ARTERIOLES 
  
3.1. Objective  
Under the assumption that the faint grey regions at the edge of the erythrocyte column 
are part of the column, we developed the Grayscale method to overcome the drawback 
associated with histogram-based thresholding methods by incorporating these regions as 
the column. 
 
3.2. Materials and Methods 
(a) Animal preparation  
Animal handling and care were provided in accordance with the procedures outlined in 
the Guide for the Care and Use of Laboratory Animals (National Research Council, 
1996).  The study was approved by the local Animal Subjects Committee.  A total of 4 
arterioles from Sprague-Dawley rats weighing 204-221 g were used for cell-free layer 
width measurements.  Pentobarbital sodium (50 mg/kg ip) was used to anesthetize the rat 
and further administered during the experiment when needed.  The rat was rested on a 
surgical stage which consists of a transparent Plexiglas platform to secure its cremaster 
muscle.  The stage design is shown in Fig. 3.1A-D and its detailed dimensions are 
provided in Appendix A.  During the surgery, the animal was placed on a water-
circulating heating pad at 37
◦
C to maintain body temperature.  While the jugular vein was 





for blood withdrawals and pressure monitoring.  All catheters were heparinized with 
saline (30 IU/ml) solution to prevent blood clotting.  An in vivo metrics 1.5-mm ID 
pneumatic cuff was placed around the abdominal aorta to control blood flow in the 
muscle.  A rat subjected to these surgical procedures is shown in Fig. 3.2.   
 
Figure 3.1: A & B: 3-D isometric and planar bottom view of the animal stage design.  C: 
Top view of the constructed animal stage.  D: Bottom view of the stage showing the 
heating elements secured to the viewing platform. 
 
The rat cremaster muscle was exteriorized and prepared for study as described 
previously (83).  The series of steps involved are shown in Fig. 3.3A-F.  Warm Plasma-
Lyte A (Baxter) adjusted to pH 7.4 was continuously applied to the surgically exposed 
muscle to keep it moist.  The muscle was cleaned and secured onto the Plexiglas platform 
whose temperature was maintained at 35
◦
C by a heating element (5W, 51Ω) attached 
beneath it (Fig. 3.1D).  A probe was placed beside the muscle to monitor the temperature.  
Finally the muscle was irrigated with Plasma-Lyte A before covering with a polyvinyl 













Figure 3.2: Rat with the catheterized blood vessels and trachea and the inserted pressure 
cuff around the abdominal aorta. 
 
Figure 3.3: Rat cremaster muscle preparation.  A: Suture to extend the scrotum and 
incision of skin.  B: Exposure of muscle sack.  C: Thorough removal of connective tissues 
so that muscle sack is separated from surrounding tissues.  D: Incision of cremaster 
muscle for stitching.  E: Hemostatic stitches extending muscle.  F: Exposed cremaster 
muscle ready for intravital microscopy, muscle irrigated with Plasma-Lyte A and covered 
























(b) Acquisition of arteriolar flow data 
 
Figure 3.4: Schematic diagram of experimental setup including an intravital microscope 
equipped for transillumination.  A high speed camera allows video recording of the 
arteriolar blood flow at a high framing rate (3000 frames/s).  A personal computer allows 
the recorded video to be digitalized for image analysis.   
 
Arteriolar flow of an unbranched small vessel (ID < 60 µm) in the cremaster muscle 
was selected for study on the basis of stable flow, clear focus and good image contrast.  
As shown in Fig. 3.4, for arteriolar flow visualization, an intravital microscope (BX 51, 
Olympus) was used in conjunction with a water immersion objective (40X, Olympus) and 
a long working distance condenser (Instec, Boulder, CO) with numerical apertures of 0.7 
and 0.35, respectively.  In addition, a blue filter (model no. B390, HOYA, Japan) with 





enhance light absorption by the red blood cells to improve the contrast between the cells 
and background.  The microscope was focused on the equatorial plane of the arteriole and 
a video image of the vessel was recorded using a high-speed video camera (Fastcam-
1024PCI, Photron USA).  Based on a frame rate of 3000/s, a total of 100 frames were 
acquired in 33 ms for the cell-free layer width measurement.  Two recordings each for 
flows with and without faint shaded regions near the edge of the erythrocyte column were 
used for the study.   
 
(c) Image analysis and Grayscale method 
In this and the subsequent sections, we introduce the Grayscale method and two 
histogram based thresholding methods (Otsu’s method and Minimum method) for cell-
free layer width measurement.  An overview of these three methods is provided in Fig. 
3.5.  The digital image processing procedure was performed with a commercially 
available image processing software package (MATLAB, Mathworks, Natick, MA).  The 
recorded video file was converted into grayscale images (BMP format) with a resolution 
of 1024 x 1024 pixels (~0.42 µm/pixel).  These images were filtered with a median filter 
to remove binary noise that represents random pixels being set to black or white.  An 
analysis line was established perpendicular to the vessel axis at a spatial location where 
the inner vessel wall was clearly distinguishable from the background as shown in Fig. 
3.6A.  The Grayscale method searched for two adjacent pixels on the analysis line that 
defined the maximum light intensity change (increase or decrease) along the radial 
direction of the vessel.  This would be the point at which the light intensity gradient is 
maximal.  To determine the location of the inner vessel wall, the Grayscale method found 





These kinds of pixels which distinguish the cell-free layer pixel (higher intensity) from 
inner vessel wall pixel (lower intensity) are marked by the solid arrow in Fig. 3.6B.  To 
obtain temporal variations in the cell-free layer width, intensity values along the analysis 
line were continuously determined from images of consecutive frames and stored into a 
2D image matrix (see Fig. 3.6C), with each row (i) representing the line intensity data for 
one frame.   
 
Figure 3.5: A comparative description of the computer-based methods for cell-free layer 
width measurement. 
 
To determine the edge of the erythrocyte column, we scanned along each row of the 
2D image matrix in the direction from the erythrocyte column to the luminal vessel wall 
for two adjacent pixel columns (j, j+1) that registered a maximum increase in light 
intensity (positive gradient) which was subjected to a constraint on selecting the range of 





may be less suitable for the layer width measurement due to potential overestimation of 
the layer width, it was used in the Grayscale method to determine a threshold magnitude 
for dividing the gray level intensity values of the reconstructed image into two pixel 
groups (light and dark pixels).  All intensity values in the 2D image matrix that belong to 
the light pixels were averaged to obtain a mean estimate of pixel intensity value for 
characterizing the cell-free layer.  It should be noted that in the presence of faint grey 
regions of the erythrocyte column, the actual mean of the intensity value depicting the 
cell-free layer is likely to be reduced by these regions which are regarded as part of the 
cell-free layer by the Otsu’s method.  However, if a constraint is imposed on the selection 
of the cell-free layer pixel such that its intensity has to be equal to or greater than this new 
mean intensity according to Eq. (3.1), the grey regions (of lower values than this mean 













          (3.1)      
where      refers to the gray level intensity value at location i, j in the reconstructed image.  
     denotes the total number of pixels in the cell-free layer (CFL) determined by the 






 adds up all intensity values associated 
with the pixels in the cell-free layer.  N and R are the total number of frames and column 








Figure 3.6: Digital image analyses for cell-free layer width measurement.  A: Image of 
flowing erythrocytes in an arteriole (ID = 28.4 µm) with location of analysis line.  B: 
Intensity-level histogram along the analysis line shown in A.  The solid arrow marks the 
location of the luminal vessel wall while the dashed arrow indicates the location of 
maximum intensity rise.  C: Reconstructed image of analysis lines from 100 sequential 
frames for 33 ms.  D: Contour of erythrocyte column determined by the Grayscale 
method.  E:  Contour of erythrocyte column determined by the Minimum method.  F:  
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In Fig. 3.6B, the dashed arrow marks the location of maximum increase in light 
intensity between two pixels along the analysis line shown in Fig. 3.6A that satisfies the 
above criteria.  These two pixels will represent the transition from a dark pixel 
(erythrocyte column) to a light pixel (cell-free layer).  The cell-free layer width can be 
obtained by counting the number of pixels from this light pixel to that at the luminal 
vessel wall, and the actual layer width can be derived with the pixel resolution.  It is of 
note that the pixel resolution is dependent on the optical setup and the camera used.   
 
(d) Histogram-based thresholding methods 
Binarization of an intensity image for cell-free layer width measurements by existing 
thresholding methods typically relies on a global threshold level derived from the bimodal 
intensity histogram which is computed from all pixels in the image.  The threshold level 
using the Minimum method is derived from the valley of the histogram, which represents 
the local minimum between the two peaks of the histogram (127).  The Otsu’s method 
provides an optimal threshold level by maximizing the class variance between the object 
and background pixels (116).  Intensity values lower and higher than the threshold level 
were converted to black (erythrocyte column) and white (cell-free layer) pixels, 
respectively.    
To provide a visual perspective of how well the result derived from the automated 
measurement matches with the boundary between the erythrocyte column and cell-free 
layer, we plotted on the reconstructed image the contour of the erythrocyte flow column 
obtained by the different image processing methods including the proposed Grayscale 
method (Fig. 3.6D), the Minimum method (Fig. 3.6E), and the Otsu’s method (Fig. 3.6F).  





(e) Manual measurement  
To validate the automated method for the cell-free layer width determination, manual 
measurement was regarded as the reference.  Manual measurement of the layer width was 
performed by a human subject using image processing software (SigmaScan Pro, Aspire 
Software Intl, Leesburg, VA).  On the grayscale image of each frame, the human subject 
visually identifies the coordinates of the boundary between the cell-free layer and 
erythrocyte column at an axial position along the vessel based on the analysis line 
location.  The cell-free layer width was then determined relative to the location of the 
luminal vessel wall which was also determined manually based on the criteria reported 
previously (82, 112).  To reduce human measurement error, the cell-free layer widths were 
determined by three individuals and averaged.  
 
(f) Statistical analysis 
To compare measurements obtained by the manual and automated methods, the 
nonparametric Mann-Whitney test was used since the cell-free layer width data do not 
follow a Gaussian distribution (83, 115).  All statistical analysis including the Bland-
Altman analysis and linear regression were performed with a commercial statistical 
software package (Prism 4.0, GraphPad).  
 
3.3. Results and Discussion 
The vessel wall locations in the 4 arterioles determined with the Grayscale method 
were all identical to those determined manually.  Fig. 3.7 shows typical validation results 





column.  The corresponding cell-free layer widths determined by the Grayscale method (A 
& D), Minimum method (B & E), and Otsu’s method (C & F) were compared with those 
measured manually using linear regression as well as Bland-Altman analysis.  From the 
linear regression curves (Fig. 3.7A-C), comparatively higher correlation cofficient (R
2
) 
values were observed for the Grayscale method (0.87) and Minimum method (0.90) than 
for the Otsu’s method (0.77), indicating closer agreement of the manual method with the 
Grayscale method and Minimum method than the Otsu’s method.  The Bland-Altman 
analysis enabled us to describe the quantitative nature of the agreement between the 
automated method and manual method in the event of any systematic differences which 
would be concealed with the linear regression curve.  The bias represents the difference in 
magnitudes of the layer width measurements using the automated methods and manual 
method.  Thus, a positive or negative bias indicates an overestimation or underestimation 
of the measurements, respectively compared to results obtained with the manual method.  
As shown in Fig. 3.7D, a slight but insignificant overestimation was detected for the 
Grayscale method, with a mean bias of 0.10 ± 0.42 µm.  The same conclusion was drawn 
for the Minimum method (Fig. 3.7E) whose mean bias with the manual method was 0.14 
± 0.38 µm.  On the other hand, the Otsu’s method (Fig. 3.7F) considerably overestimates 
the cell-free layer width since a much larger mean systematic bias (1.04 ± 0.61 µm) was 
found.  Therefore, the cell-free layer widths obtained by the Grayscale method and 
Minimum method were interchangable with those determined manually whereas the 
Otsu’s method was incapable of providing such reliable measurements.  As seen in Table 






Figure 3.7: Linear regression curves and Bland-Altman analyses to compare between the 
automated and manual measurements of the cell-free layer width.  A & D: Grayscale 
method.   B & E: Minimum method.  C & F: Otsu’s method.  For Bland-Altman analyses 
D, E & F, the dashed line depicts the mean bias of the two methods while the dotted line 
represents 95% confidence limits of the mean bias. 
 


























































































































































Table 3-1: Comparison between manual and automated methods for cell-free layer width 
measurements. 
All width measurements are in Mean ± SD.  All units in [μm].  * P < 0.0001.    
The two rectangular boxes in Fig. 3.8A indicate regions of faint grey color that were 
found at the edge of the erythrocyte flow column in an arteriole (ID = 34.3 µm).  Figs. 
3.8B-D highlight the contours of the erythrocyte column obtained by the different 
automated methods (B: Grayscale method, C: Minimum method and D: Otsu’s method).  
It is apparent that both the Minimum method and Otsu’s method failed to consider the 
faint grey regions as part of the erythrocyte column whereas the Grayscale method was 
capable of taking into account these regions.  If the faint grey regions are assumed to be 
part of the erythrocyte column, both the Minimum and Otsu’s methods can result in 
significantly larger (P < 0.001) mean values of the layer width as compared to the manual 
method, but not in the case of the Grayscale method (Table 3-1).  As evident from Figs. 
3.9A-C, linear regression analyses produced higher R
2




 Manual Grayscale Minimum Otsu’s 
 Without faint grey regions  
28.4 1.58 ± 1.16 1.67 ± 1.10 1.72 ± 1.15 2.68 ± 1.43
*
 
31.4 2.29 ± 1.25 2.29 ± 0.97 2.47 ± 1.18 3.53 ± 1.59
*
 
 With faint grey regions  
34.3 2.26 ± 0.98 2.08 ± 1.26 3.64 ± 1.43
*
 4.13 ± 1.82
*
 
55.9  3.62 ± 0.59 3.82 ± 1.03 4.86 ± 0.67
*







(0.83) than the Minimum method (0.53) and Otsu’s method (0.44).  In addition, the Bland-
Altman analyses (Figs. 3.9D-F) revealed no apparent systematic difference between the 
Grayscale method and manual method (0.13 ± 0.43 µm), but not in the cases of the 
Minimum method (1.39 ± 0.98 µm) and Otsu’s method (1.89 ± 1.39 µm).  These findings 
indicate that when faint grey regions are present at the edge of the erythrocyte column, the 
Grayscale method would provide a good agreement with the manual method whereas both 
the Minimum method and Otsu’s method might cause a significant overestimation of the 
mean layer width.  Consistent results were obtained in a larger vessel (ID = 55.9 µm) as 
shown in Table 3-1.   
 
Figure 3.8: Cell-free layer width measurement on reconstructed image with faint areas of 
grey at the edge of the erythrocyte column.  A: Image of blood flow in an arteriole (ID = 
34.3 µm).  The rectangular boxes indicate the faint regions.  Contour detections of 
erythrocyte column made by the Grayscale method, Minimum method and Otsu’s method 
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Figure 3.9: Statistical comparison of automated and manual measurements when there are 
faint grey areas at the edge of the erythrocyte column.  A & D: Grayscale method.   B & 
E: Minimum method.  C & F: Otsu’s method.  For Bland-Altman analyses D, E & F, the 
dashed line depicts the mean bias of the two methods while the dotted line represents 95% 
confidence limits of the mean bias. 



































































































































































Figure 3.10: A & B: Images of blood flow in the same arteriole (ID = 34.3 µm) as in Fig. 
3.8 at time = 24 and 30 ms, respectively.  The rectangular box marks the faint grey region 
near the vessel wall and the dashed arrow indicates the analysis line location. 
 
Based on the current microscopic system, the importance of incorporating the 
ambigious regions under the assumption that they represent the presence of red blood cells 
on the same imaging plane should be emphasized since without their inclusion, the cell-
free layer widths determined were unusually larger than those reported previously (83, 
138, 156).  The mean magnitudes obtained by Kim et al. (83) in arterioles (ID = 34.0 – 
56.0 µm) of the rat cremaster muscles ranges from 2.48 – 3.16 µm while those measured 
in microvessels of the hamster with ID = 30.0 µm (138) and isolated rabbit mesentery 
with ID = 34.0 µm (156) were ~2.1 µm and ~1.5 µm, respectively.  In contrast, 
comparatively larger mean values of 3.64 and 4.86 µm were determined in 34.3 and 55.9 
µm ID arterioles, respectively by the Minimum method in which the faint grey zones were 
not considered as part of the erythrocyte column.  To substantiate whether the faint grey 
regions are part of the erythrocyte column or not, we show in Fig. 3.10A the image of 















arteriolar blood flow at time = 24 ms where faint grey regions were earlier noted in the 
reconstructed image (see Fig. 3.8).  The dashed arrow indicates the location of the analysis 
line used for the image reconstruction.  It appeared that this location fell on the faint grey 
region as indicated by the rectangular box which presumably represented part of the red 
blood cell core.  To ensure that this faint grey region was not contributed by an image 
artifact, visual tracking at the same location in subsequent video images was carried out.  
As shown in Figs. 3.10A & 3.10B, the faint grey object appeared to be part of the blood 
core since the object continued its axial transit together with the blood core and ceased to 
exist at the same location at time = 30 ms. 
Unlike the case of in vitro studies where one can control image quality with relative 
ease, in visualizing microcirculatory flows with transillumination, the accuracy of edge 
detection is mainly dependent on the experimental conditions (tissue specimen) and 
microscopic system (transilluminating conditions, noises).  A major obstacle for using an 
edge detection technique to distinguish between the erythrocyte column and the cell-free 
layer lies in the selection of appropriate thresholding parameters to correctly identify the 
boundary of interest.  When the chosen thresholding criterion is not suitable, the result 
will be susceptible to noises and edge detections will become inaccurate (110).  In this 
study, we imposed a constraint on the maximum intensity gradient between the cell-free 
layer pixel and erythrocyte column pixel so that the layer pixel could be associated with a 
threshold intensity which was derived from a histogram-based thresholding algorithm 
(Otsu’s method).  This approach enabled us not only to eliminate unwanted edges caused 
by other local maximas in intensity gradient along the radial direction of the blood lumen 
but also to detect the faint shaded areas along the edge of the erythrocyte column which 





advantageous since the latter based on global thresholding have been found to be 
unsatisfactory for the segmentation of images that do not have a distinct bimodal 
intensity-level histogram (136).  Furthermore, the Grayscale method does not require pre-
processing of the images such as histogram equalization or digital enhancement of the 
image contrast that are usually used for histogram-based thresholding methods to improve 
the class balance of the intensity histogram between the prospective cell-free layer (higher 
intensity levels) and unwanted background (lower intensity levels).  It should be noted that 
the threshold level in the Grayscale method, unlike histogram-based thresholding 
methods, is not the sole determinant in defining the edge of the erythrocyte column but 
serves to optimize the detection process.   
In conclusion, in this study, we introduce an automated method that is capable of 
detecting the inner vessel wall as well as the outer edge of the erthrocyte column.  We 
have successfully validated the new Grayscale method that provides a good alternative to 
the Minimum method for the cell-free layer width measurements when faint grey regions 
are absent at the edge of the erythrocyte column.  We have further shown that in the event 
when the faint grey regions are present, the Grayscale method could overcome the 
problem of layer width overestimation that may result from the use of histogram-based 
thresholding techniques by incorporating these regions as part of the column.   
 
The text of this chapter, in full, is a reprint of the material as it appears in Physiol 
Meas 32: N1-N12, 2011.  The dissertation author was the primary investigator and author 





4. STAGE II(a): EFFECT OF ERYTHROCYTE AGGREGATION ON CELL-
FREE LAYER FORMATION IN ARTERIOLES 
 




In this study we test the hypothesis that formation of the cell-free layer in arterioles 
will not be significantly influenced by red blood cell aggregation under physiological flow 
conditions due to high shear rates but the aggregation will enhance the layer formation in 
low flow conditions that are found in certain pathophysiological states.  Thus, we 
examined the influence of red blood cell aggregation on the cell-free layer characteristics 
at normal and reduced arterial pressures.  To ascertain the hemo-rheological relevance to 
humans and other athletic species, the degree of red blood cell aggregation was adjusted to 
levels seen in normal human blood.  To better understand how the cell-free layer 
characteristics are altered by these rheological changes, we carried out detailed analyses 
on distribution of cell-free layer widths about their mean value including the tendency for 
the cell-free layer to extend either towards the vessel wall or into the red blood cell core.  
It is of note that this study was carried out in collaboration with Dr. Paul C. Johnson based 
on their experimental setup.  Cell-free layer width was determined using the Otsu’s 






4.1.2. Materials and Methods 
(a) Animal preparation 
A total of eleven Wistar-Furth rats weighing between 190 and 250 g were utilized in 
this study.  All animal handling and care procedures were in accordance with that outlined 
in the Guide for the Care and Use of Laboratory animals (Institute for Laboratory Animal 
Research, National Research Council, Washington, DC: National Academy Press, 1996) 
and approved by the local Animal Subjects Committee.  Pentobarbital sodium (50 mg/kg 
ip) was used to anesthetize the rat and further administered during the experiment when 
needed and its cremaster muscle was exteriorized and prepared for intravital microscopy.  
Details of the animal preparation in the present study have been described in chapter 3 and 
the reader is referred there for more complete information. 
 
(b) Hematocrit, aggregation and pressure measurements 
 
Figure 4.1.1: A: Microhematocrit centrifuge (Top: Sartorius AG, Germany; Bottom: 









Blood sample (~0.1 ml) was withdrawn from the femoral artery for hematocrit and 
aggregation measurements.  Hematocrit was determined with a microhematocrit 
centrifuge (Readacrit, Clay Adams) (Fig. 4.1.1A) while the degree of red blood cell 
aggregation was measured periodically during the experiment using an aggregometer 
(Myrenne aggregometer; Myrenne, Roetgen, Germany) (Fig. 4.1.1B) based on a 10-s 
setting.  Arterial pressure was continuously recorded with a physiological data-acquisition 
system (MP 100 System; BIOPAC Systems, Goleta, CA) (Fig. 4.1.1C). 
 
(c) Adjustment of red blood cell aggregation level and flow rate 
Red blood cell aggregation level was elevated to healthy human levels by infusion of 
Dextran 500 (average molecular mass 460 kDa; Sigma) dissolved in saline (6%).  A total 
of 200 mg/kg body wt was infused over the course of 1-2 min to achieve a plasma-dextran 
concentration of ~0.6%.  An additional blood sample was then withdrawn for hematocrit 
and aggregation level determination ~10 min after the dextran infusion.  To reduce flow 
rate in the microcirculatory vessels of the muscle, the pneumatic cuff pressure was 
increased with an air-filled syringe to lower the femoral artery pressure to ~40 mmHg and 
maintained by manual adjustment.  The arterial pressure was monitored and allowed to 
stabilize upon reduction.  After physiological or rheological measurements at reduced flow 
rates, the cuff pressure was released to allow the arterial pressure to return to the normal 
pressure range. 
 
(d) Experimental protocol 
Initially, an arterial blood sample was withdrawn from the femoral artery to measure 





microscopic stage and an unbranched region of an arteriole with an inner diameter ranging 
from 20 to 60 µm was chosen for the study based on the criteria of stable flow, clear focus 
and good contrast of the image.  An intravital microscope (Ortholux II, Leitz) was used in 
conjunction with a water immersion objective (40X, Olympus) and a long working 
distance condenser (Instec, Boulder, CO) with numerical apertures of 0.7 and 0.35, 
respectively.  In addition, a blue filter (model no. 59820, Spectral Physics, Stratford, CT) 
with peak transmission of 400 nm and spectral bandpass of 300-500 nm was used to 
enhance light absorption by the red blood cells so as to improve the contrast between the 
cells and background.  A high-speed video camera (FASTCCAM ultima SE, Photron 
USA) was utilized to record blood flow in the arteriole at a frame rate of 4500/s.  Dextran 
500 was administered to elevate the red blood cell aggregation level, and the recording 
procedure was then repeated.  The above protocol was repeated at reduced flow condition 
and a reduced frame rate of 2250/s or 1125/s was used instead for video recording.  A total 
of 4500 frames were obtained for one side of a vessel which corresponded to a video 
recording time of 1 s for normal flow and 2 or 4 s for reduced flow conditions.  
 
(e)  Cell-free layer width measurement  
A detailed description of the cell-free layer width determination was presented in an 
earlier study (83) and will not be repeated here.  Briefly, an analysis line is positioned 
perpendicularly to the vessel wall using the same procedure described in our earlier study 
(83).  Cell-free layer width is defined as the distance from the edge of the red blood cell 
core to the inner wall of the vessel.  The latter was determined based on criteria defined by 
previous studies (66, 147) while the former was obtained by applying the Otsu’s method 





current system.  Whenever possible, the layer width was determined on both sides of the 
vessel.  It should be noted that the exact spatial location of the plane of measurement (in z-
direction) is not known since our experimental setup is limited to imaging only in the x-y 
plane (2-D projection of a 3-D vessel).  By taking the plane of measurement at where there 
is good focus of the vessel flow, it was assumed that this plane contains cells that fall at the 
equatorial plane of the vessel. 
 
(f)  Temporal variations of the cell-free layer width  
           
Figure 4.1.2: Example of temporal variation of cell-free layer width in a 47.1 µm ID 
arteriole.  Dynamic variations of the cell-free layer width can be observed on both sides of 
its mean (---), either extending towards vessel wall or into the red blood cell core. 
 
A typical example of temporal variation of the cell-free layer width obtained on one 
side of an arteriole is shown in Fig. 4.1.2.  To better interpret the variability of the cell-free 
layer, the layer widths were investigated in terms of their distribution on either side of 
their mean value, defined as either towards the vessel wall or into the red blood cell core.  
Shown as the dashed line in Fig. 4.1.2 is a reference line to divide cell-free layer width 
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variations into the two different groups.  Dynamic variations in frequency distribution and 
magnitude of the cell-free layer width on the two sides of this reference line were 
separately analyzed.  Cell-free layer width distributions on either side of this reference line 
were compared based on the two key parameters, namely the frequency of the layer width 
distributions and their corresponding magnitudes of deviation in opposite radial directions 
from the reference line.  
 
(g) Mean cellular velocity and pseudoshear rate 
The centerline velocity (  ) was obtained from the high-speed video recordings by the 
dual-window method via a video sampler (Model 204A, Vista Electronics) and velocity 
correlator system (Model 102BC, Vista Electronics) (7, 74, 169).  Mean cellular velocity 
( ) was approximated from the    in the arteriole with a correction factor of 1.6, whereas 
the pseudoshear rate (  ) was determined by using the relation:         where D is the 
vessel diameter.  It would be important to note that this correction factor is more 
appropriate for estimation of flow velocities where radial velocity profiles are nearly 
Poiseuille parabolas such as that found typically in high flow conditions.  Under 
circumstances where red blood cell aggregation is enhanced and flow velocity is low, the 
velocity profile would become blunter and the use of the correction factor could tend to 
underestimate the mean cellular velocity and pseudoshear rate (123). 
 
(h) Statistical analysis and data presentation 
Most of the statistical analyses including regression fits and 95% confidence intervals 





Graphpad).   In addition, the two-sample Kolmogorov-Smirnov (K-S) test was utilized to 
test for statistical differences between distributions of experimental groups.  Unpaired t-
tests were used to determine differences in experimental parameters between normal and 
dextran-treated animals.  For data that do not follow a normal distribution, both a non-
parametric test (Mann-Whitney test) and unpaired t-tests were used to compare the means.  
To compare three or more experimental groups, a one-way ANOVA test and post 
Bonferroni and Tukey multiple comparison tests were utilized to determine the statistical 
significance of differences between experimental groups.  All physiological and 
rheological data are reported as means ± SD.  For all statistical tests and regression fits, P < 
0.05 was regarded statistically significant. 
 
4.1.3. Results 
(a) Systemic parameters 
  Normal arterial pressure for normal and dextran-treated rats was 116.3 ± 11.6 and 
107.8 ± 6.2 mmHg, respectively.  After cuff inflation, arterial pressure was 42.6 ± 7.3 
mmHg for normal rats and 42.8 ± 6.8 mmHg for dextran-treated rats.  Systemic hematocrit 
was 40 ± 2% and 38 ± 1% before and after dextran infusion, respectively.  We found no 
significant difference in arterial pressures or hematocrits before and after dextran infusion.  
Red blood cell aggregation index (M) given by the aggregometer was 0.0 (no aggregation) 
before dextran infusion but it rose to 11.9 ± 3.0 after dextran infusion, which was similar to 
levels reported for healthy humans (96, 167).  In the normal flow condition, the mean red 
blood cell velocities were 5.9 ± 1.1 and 6.5 ± 1.2 mm/s before and after dextran infusion, 





infusion and 1.4 ± 0.8 mm/s after dextran infusion.  There was no significant difference in 
the mean cellular velocity before and after dextran infusion during normal and reduced 
flow protocols.   
 
(b) Relation between mean and SD of cell-free layer widths 
The effects of red blood cell aggregation and flow rate on the relationship between 
mean value of the cell-free layer width and its standard deviation are shown in Fig. 4.1.3.  
The standard deviation of the cell-free layer widths was plotted against the corresponding 
mean values for both control (M = 0) and dextran-treated (M = 11.9 ± 3.0) groups under 
normal and reduced flow conditions.  A strong positive correlation (P < 0.005) was 
consistently found between the two statistical parameters for all conditions.  However, no 
significant effect of dextran infusion on this relationship was found for both normal and 
reduced flows.  
 
Figure 4.1.3: Relationship between standard deviation (SD) and mean value of the cell-
free layer width before (○) and after (●) aggregation induction.  A: normal flow condition.  
B: reduced flow condition.  Linear regression fits (y = 0.09x + 0.51, R
2
 = 0.16 for normal 
flow and y = 0.31x + 0.23, R
2
 = 0.24 for reduced flow) are used for combined groups since 
no significant effect of dextran infusion is found in either flow condition.   
 
































(c) Effect of aggregation and flow reduction on mean and SD of cell-free layer widths 
 
Figure 4.1.4: A & B: Normalized mean value and standard deviation (SD) of cell-free 
layer width variations at normal and reduced flow conditions before and after aggregation 
induction.  C & D: Normalized mean value and standard deviation (SD) of cell-free layer 
width variations at different pseudoshear rates before and after aggregation induction.  * P 
< 0.05, ** P < 0.02. *** P < 0.001.  
 
Pseudoshear rate in arterioles at normal arterial pressure was 204.1 ± 40.9 and 311.4 ± 
49.3 s
-1
 before and after dextran infusion.  After reduction of arterial pressure, the 
pseudoshear rate dropped to 76.7 ± 31.9 and 105.2 ± 27.3 s
-1
 before and after dextran 
infusion, respectively.  Figures 4.1.4A and 4.1.4B show the values of mean cell-free layer 
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width and its standard deviation normalized by vessel radius before and after dextran 
infusion under normal and reduced flow conditions.  A significant increase (P < 0.05) in 
normalized mean and standard deviation of cell-free layer width was found with flow 
reduction in the dextran-treated groups.  Although a higher normalized mean and standard 
deviation were also apparent after dextran infusion at reduced flow, no statistical 
significance of this effect was found, which might be due to the wide range of flow 
velocities associated with this flow condition.  This was reflected in the large standard 
deviations (> 25.9% of mean values) for the pseudoshear rates in reduced flow conditions, 
indicating that flow velocity in arterioles might be nonuniformly reduced by the arterial 
pressure drop.  Thus, to carry out a more thorough examination of red blood cell 
aggregation effect on the formation of the cell-free layer, we divided the data of mean 
width and its standard deviation in reduced flow conditions into three different 
pseudoshear rate groups based on their mean values (< 50 s
-1
, > 50 s
-1
 and < 300 s
-1
, > 300 
s
-1
).  After the classification, the pseudoshear rates for all the flow conditions became 16.9 
± 6.1, 140.7 ± 59.5 and 320.8 ± 11.5 s
-1
 before dextran infusion and 17.0 ± 6.4, 129.6 ± 
89.3 and 317.5 ± 11.6 s
-1
 after dextran infusion, respectively.  In presentation of the data in 
Figs. 4.1.4C and 4.1.4D, a set of combined pseudoshear rates (17.0 ± 6.1, 135.4 ± 74.8 and 
318.7 ± 11.3 s
-1
) was utilized for the three pseudoshear rate groups since no significant 
differences were found between pseudoshear rates before and after aggregation induction.  
As shown in Fig. 4.1.4C, in the absence of red blood cell aggregation, there was no 
significant effect of pseudoshear rate on the normalized mean cell-free layer width, 
whereas after induction of aggregation, a significant increase (P < 0.001) in the 
normalized mean width was observed when pseudoshear rate was reduced to 17.0 ± 6.1 s
-
1





deviation of the cell-free layer width was also found under aggregating condition with the 
same reduction of pseudoshear rate.  As expected, at the lowest pseudoshear rates (17.0 ± 
6.1 s
-1
), magnitudes of both the normalized mean and standard deviation of the layer width 
significantly increased (P < 0.02) after dextran infusion.  
 
(d) Effect of aggregation and flow reduction on dynamics of cell-free layer formation 
 
Figure 4.1.5: Frequency of cell-free layer width deviations towards vessel wall.  A: 
Relation between the frequency of cell-free layer width deviations towards vessel wall and 
mean cell-free layer width.  The different rheological conditions are represented by ○: 
Normal flow (M=0), ∆: Reduced flow (M=0), □: Normal flow (M=11.9 ± 3.0) and ×: 
Reduced flow (M=11.9 ± 3.0).  No significant relation is found for all conditions.  B: 
Effect of flow rate and red blood cell aggregation on the frequency of cell-free layer width 
deviations towards vessel wall.  There is no flow rate or aggregation effect on frequency 
of cell-free layer width deviations.   
 
As shown in Fig. 4.1.5A, no significant relation was found between the mean cell-free 
layer width and frequency of cell-free layer deviations occurring towards the vessel wall 
for all the four experimental groups (normal and dextran-treated groups at normal and 
reduced flows).  The slopes of their individual regression fits or combined regression fit 
were not significantly different from zero.  The effect of red blood cell aggregation and 
























































































































































































flow reduction on the frequency of cell-free layer variations occurring towards the vessel 
wall was shown in Fig. 4.1.5B.  Similar mean frequency of cell-free layer variations 
(~50%) was found between all groups, suggesting that the tendency for cell-free layer 
width to extend either towards the vessel wall or into red blood cell core might be 
independent of these two rheological parameters in the arteriolar blood flow. 
 
(e) Frequency distribution of cell-free layer variations 
Table 4.1-1: Distribution parameters for boxplots shown in Fig. 4.1.6 (All units in µm) 
 Normal Flow Reduced Flow 






Mean  1.92 1.79 2.43 2.73 
Median  1.88 1.88 2.23 2.56 
25% percentile 1.25 0.94 1.61 1.88 
75% percentile  2.5 2.5 2.81 3.44 
Max 6.54 7.19 8.99 10 
 
To better understand the relative magnitudes of cell-free layer width deviations from 
their mean values, the width data from 13 arteriolar vessels were grouped into bins 
according to their distances from the vessel wall as shown in Fig. 4.1.6.  The boxplot in 





 percentile and maximum values) of the cell-free layer widths.  The 






















































































































































































Normal Flow Reduced Flow
important since the respective distributions failed to pass the normality tests (P < 0.05) 
which indicates that the associated cell-free layer width values are not distributed 
symmetrically about their mean value.  Thus the mean and standard deviation would not 
provide information regarding this distribution (57).   
Figure 4.1.6: Frequency distribution of cell-free layer variations from the vessel wall.   A 
boxplot is utilized in each condition to describe the distribution.  A dashed line indicates 
the mean width of cell-free layer while the solid line in the box corresponds to the median 
cell-free layer width value.  A & C: Normal and Dextran-treated rats in normal flow 
condition, respectively.  B & D: Normal and Dextran-treated rats in reduced flow 
condition, respectively.  Cell-free layer widths deviate with larger magnitudes into red 
blood cell core than towards the vessel wall about the mean layer width.  This disparity is 
significantly enhanced (P < 0.05) especially with dextran treatment in reduced flow 
condition.  The total frequency of the cell-free layer widths on each side of the mean are 
considered as 100%.  The reduction of flow increases the frequency of cell-free layer 






Asymmetry in distribution is in part evident in the deviation of median cell-free layer 
width value from its corresponding mean which appears to be particularly prominent 
under reduced flow conditions.  The dispersion of cell-free layer widths in the distribution 




 (median) and 
75
th
 percentile points showed an overall shift in individual cell-free layer widths towards 
larger values from the vessel wall after dextran infusion and flow reduction.  As shown in 
Fig. 4.1.6, for all experimental groups, the cell-free layer width generally extended with 
larger magnitudes into the red blood cell core than towards the vessel wall.  This disparity 
in magnitudes of the deviations became significantly greater (P < 0.05) in the reduced 
flow condition after dextran infusion (Fig. 4.1.6D).  This was evident in the larger range 
of deviations (2.73 – 10.0 µm: mean – maximum value) of cell-free layer width variations 
from the layer mean towards the red blood cell core under such rheological condition 
compared to other test conditions (1.92 – 6.54 µm and 1.79 – 7.19 µm for normal and 
dextran-treated rats respectively at normal arterial pressure and 2.43 – 8.99 µm for normal 
rats at reduced arterial pressure).  A slight increase in mean cell-free layer width was 
correspondingly observed with larger possible deviations of the layer width into the red 
blood cell core.  On the other hand, there were no significant differences in the distribution 
of cell-free layer width variations towards the vessel wall among all four groups as the 
range of cell-free layer width variations were smaller.   
In addition, the fraction of deviations with magnitudes > 1.5 µm on either side of the 
mean value were computed to demonstrate how the cell-free layer variations could be 
affected by the asymmetrical nature of the blood flow environment under different 
rheological conditions.   For normal rats, the cell-free layer width variations in terms of 





deviations with magnitudes > 1.5 µm in either direction, from 0.4% to 12.0% (towards the 
vessel wall) or from 6.7% to 14.2% (into the red blood cell core) with flow reduction.  
This effect became more pronounced (4.5%  17.8% towards vessel wall and 8.4%  
24.1% into red blood cell core) after aggregation induction and flow reduction.   
 
4.1.4. Discussion 
The cell-free layer in arterioles may impose significant physiological influence by 
altering flow resistance (33, 150, 156), material exchange between red blood cells and 
tissues or organs (155) and other important rheological parameters including WSS and NO 
diffusion (11, 99).  All these parameters are highly dependent on the cell-free layer width 
which can exhibit dramatic variations when subjected to rheological changes.  Based on 
our results shown here, in non-athletic species where red blood cell aggregation is 
generally absent, flow rate may play a major role in cell-free layer formation whereas in 
athletic species where aggregation is present, this important rheological property can 
become a dominant factor in affecting the layer formation in particular under low flow 
conditions.  The flow pattern of red blood cells in the flow stream can be significantly 
affected by the presence of aggregates, which will in turn alter cell-free layer formation.  
As many previous studies utilized general statistical parameters in particular, standard 
deviation to quantify the variability of the cell-free layer width which may obscure 
important information due to the non-Gaussian behavior of the layer, a new approach was 
made in this study to carry out more comprehensive examination of the cell-free layer 
characteristics.  We analyzed the cell-free layer variation in terms of its frequency and 





layer variations are influenced by the asymmetrical nature of its surrounding physical 
environment defined by the vessel wall, plasma and red blood cells.   
 
(a)  Relation between mean and SD of cell-free layer widths 
The relationship between the mean cell-free layer width and standard deviation is of 
interest since a larger mean cell-free layer width may be associated with an increase in 
standard deviation of the layer width as reported in previous studies (2, 59).  A theoretical 
study has shown the variations of the cell-free layer may cause an additional viscous 
dissipation (146).  Our results shown in Fig. 4.1.3A confirmed the existence of a positive 
correlation between mean cell-free layer width and standard deviation at normal arterial 
pressure for both non-aggregating and aggregating conditions, which was consistent with 
that shown in our previous study in arterioles (83).  In addition, the present study was 
extended to examine this relationship in reduced flow conditions and a significantly 
enhanced positive correlation (P < 0.01) was found with flow reduction for both 
aggregating and non-aggregating conditions as shown in Fig. 4.1.3B.  However, dextran 
treatment itself did not seem to exert a significant influence on this relationship.  This was 
expected since standard deviation of the cell-free layer width increases with its mean value 
regardless of aggregation as reported in our earlier study (83).  The positive correlation 
between mean layer width and standard deviation suggests that any reduction in WSS due 
to the presence of the cell-free layer in the arterioles is likely to be countered by an 
opposite increase in the shear stress caused by greater variation of the cell-free layer.  In 
both athletic and non-athletic species (regardless of aggregation tendency), the extent of 





since the slope of the linear relation shown in Fig. 4.1.3 became steeper in the reduced flow 
condition.   
 
(b) Effect of aggregation and flow rate on mean and SD of cell-free layer widths  
In previous studies (18, 19), pseudoshear rates of < 5 s
-1
 were required to observe 
significant effects of aggregation on axial migration of red blood cells in venules of the rat 
spinotrapezius muscle.  This was mainly attributed to the branching nature of vascular 
network defined by short vessel segments between bifurcations which favors the frequent 
infusion of red blood cells and aggregates from the side branches and interferes with cell-
free layer formation.  In the arterioles by contrast, the diverging flow pattern at successive 
branching points of the network is less likely to disrupt cell-free layer formation and 
prominent layer formation could still occur despite the higher pseudoshear rates that are 
expected with the similar reduction of arterial pressure.  Indeed, in this study with 





which correspond to mean cellular velocities of ~1.2 mm/s were obtained in the 
arterioles with arterial pressure reduction to ~40 mmHg compared to pseudoshear rates of 
6 ± 4 s
-1
 (mean cellular velocities of ~0.25 mm/s) in the venules when arterial pressure was 
lowered to ~50 mmHg (18).  Despite an eight-fold higher pseudoshear rate in the arterioles 
than that required for prominent layer formation in the venules, a reasonable extent of layer 
formation was found in the arterioles which further substantiated the notion that layer 
formation is highly dependent on the network flow topography. 
The cell-free layer widths of ~1.5 – 3.5 µm obtained in this study under non-
aggregating and reduced flow conditions are in agreement with that of ~2 µm obtained by 





flow conditions where the mean cellular velocity was comparable to ours (104).  In their 
study, mean cell-free layer width was found to increase by ~1 µm at 0.8 – 1.2 mm/s (mean 
cellular velocity) after Dextran 70 infusion (4 g/dl).  This increase in mean width of the 
cell-free layer may be due mainly to accelerated axial migration of red blood cells in the 
presence of aggregation (84, 155).  A corresponding increment in relative flow resistance 
(flow resistance of red blood cell suspension normalized by the flow resistance of 
suspending medium alone) was mitigated with this increase in mean layer width, 
demonstrating the possible flow lubricating impact of the cell-free layer in the 
microvascular network particularly with the influence of red blood cell aggregation.  
Similarly, a significant increase in normalized mean cell-free layer width by ~2.6% which 
corresponds to a mean cell-free layer width increase of 0.7 – 0.9 µm in arterioles (25 – 35 
µm ID) was found in our study (Fig. 4.1.4C) at 17.0 ± 6.1 s
-1
 after Dextran 500 infusion.  
Our results show that cell-free layer formation in the arteriolar network is enhanced by a 
combination of flow reduction and red blood cell aggregation.  Hence, in the event of 
pathological flow defined by low flow rates in the arterioles, a thicker cell-free layer could 
lead to enhanced plasma skimming resulting in heterogeneous red blood cell distributions 
in the capillary network and reduction in functional capillary density as reported in our 
earlier study (86).  
As reported in our previous study (87), Dextran 500 infusion to raise the aggregation 
level in rats to those seen in normal human blood increases plasma viscosity (from 1.29 ± 
0.03 to 1.53 ± 0.08 cP).  The plasma viscosity increase could provide some resistance for 
the motion of red blood cells in the suspending medium which might decrease red blood 
cell aggregation, resulting in retardation of cell-free layer formation process.  Therefore, 





width at lower flow rates.  However the significant cell-free layer formation found under 
aggregating condition at low pseudoshear rates in this study suggests the predominant 
influence of red blood cell aggregation over plasma viscosity effects on the layer formation 
under these flow conditions. 
By tracking the trajectory of labelled individual red blood cells under both non-
aggregating and aggregating conditions, Bishop et al. (17) reported in both conditions a 
trend of increasing standard deviation in radial position (~1 µm) of the cells in 
postcapillary venules (45 – 75 µm ID) with decreasing mean cellular velocity ranging from 
~12.5 to 0.1 mm/s.  Applying this result to the aggregating condition in the present study 
by relating it to the outermost cell of the red blood cell core that defines the cell-free layer 
width, an increase in mean magnitude of the layer width standard deviation by < 0.5 µm 
would be expected with reduction of mean cellular velocity from 6.5 to 1.4 mm/s, which is 
comparable to that of 0.25 – 0.75 µm obtained with arterioles (20 – 60 µm ID) in the 
present study.  However, the direct quantitative comparison of these two results would be 
limited by the different topographies of the vascular network and flow conditions as noted 
above, although a similar trend of red blood cell movements was observed in both studies.  
The greater overall variation (higher standard deviation) of the cell-free layer width 
obtained with reduction of cellular velocity shown in Fig. 4.1.4D would lead to higher 
viscous dissipation at regions of slow blood flow in the arteriolar network seen in 








(c)  Cell-free layer variations in terms of frequency distribution and magnitude of 
deviation from its mean width 
A more in-depth analysis of the cell-free layer width variation showed that the 
frequency of the layer width deviations extending either towards the vessel wall or into the 
red blood core is independent of the mean width (Fig.  4.1.5A).  Fig. 4.1.5B suggested that 
the cell-free layer width has similar tendency to extend in both radial directions away from 
its mean and this phenomenon is unaltered by rheological changes in the form of red blood 
cell aggregation and flow rate in the arteriolar blood flow.  However, Fig. 4.1.6 shows that 
these two rheological parameters instead exert their influence on the magnitudes of cell-
free layer deviations in the radial direction from the mean layer width.  Increased 
frequency of deviations > 1.5 µm were found with reduction of flow either towards the 
vessel wall or into the red blood cell core from the mean value of the cell-free layer width 
and this effect was pronounced in the presence of aggregation.  In particular, Fig. 4.1.6D 
shows that the presence of red blood cell aggregates in the flow stream can greatly 
influence the dynamics of the cell-free layer variation such that layer widths deviate with 
larger magnitudes away from their mean especially into the red blood cell core as 
compared to the case (Fig. 4.1.6B) without aggregation.  This suggests that thicker cell-free 
layer formation may lead to larger deviations of the layer width into the red blood cell core.  
Conversely, it is likely that the tendency to display greater inward radial deviations of cell-
free layer widths into red blood cell core could potentially contribute to both greater 
overall mean cell-free layer widths and standard deviations at reduced flows in the 







(d) Potential influences on oxygen and NO diffusion 
The direct consequence of the cell-free layer formation is an increase in mean physical 
distance between the endothelium and red blood cells in the arteriolar flow stream.  Since 
the arterioles constitute a site of significant oxygen delivery to the tissues (20, 161), the 
presence of a wider plasma layer with its relatively low oxygen solubility would reduce 
oxygen delivery at this site.  Furthermore, this diffusion barrier reduces any direct 
scavenging of NO produced in the endothelium by hemoglobin encapsulated within the 
flowing red blood cells, leading to a preservation of NO bioavailability in the arterioles for 
vessel diameter regulation by promoting local flow-induced vasodilatory responses (23, 95, 
166).  On the contrary, recent studies (13, 173) have reported findings suggesting opposite 
explanations for the influence of enhanced red blood cell aggregation on NO 
bioavailability.  Although cell-free layer thickness was not measured in those studies, their 
results indicated down-regulation in NO synthesizing mechanisms in endothelial cells due 
to red blood cell aggregation and associated decrement in WSS.   
 
(e) Consideration of glycocalyx layer 
The current cell-free layer measurement includes the glycocalyx layer at the surface of 
the endothelial cells.  This limitation would result in an overestimation of the cell-free 
layer width magnitude in our study by ~0.5 µm based on previous estimations reported on 
microvascular glycocalyx thickness (36, 102).  If we correct all the layer width 
measurements based on the assumption of a 0.5-µm glycocalyx layer, there will be a slight 
change in the frequency distribution.  As shown in Table 4.1-2, with consideration of the 
glycocalyx layer for reduced flow conditions after this correction, a decrease in frequency 





before (from 12.0% to 11.3%) and after aggregation induction (from 17.8% to 16.3%).  
This is expected due to the shift of the reference line shown in Fig. 4.1.2 closer to the wall 
as a result of the decline in mean cell-free layer width since layer variations within the 
distance of 0.5 µm from the arteriolar wall, which possess large deviations from the mean 
width, are now interpreted as 0 µm in width magnitude from the wall.  In contrast, no 
discernible trend in frequency change of deviations with magnitudes > 1.5 µm towards the 
red blood cell core is found although there would be a slight increase (from 14.2% to 
15.4%) in frequency before aggregation induction.  As a result, with consideration of the 
glycocalyx layer, the disparity in the distribution of cell-free layer variation with 
magnitudes > 1.5 µm between toward red blood cell core and vessel wall would increase 
by 1.9% and 1.5% before and after aggregation induction, respectively. 
Table 4.1-2: Frequency of cell-free layer deviations > 1.5 µm at reduced flow 
 
Without  consideration of  
a glycocalyx layer 
With consideration of  











RBC Core (%) 
14.2 24.1 15.4 24.1 
towards 
Vessel Wall (%) 
12.0 17.8 11.3 16.3 
 
 
The text of this chapter, in full, is a reprint of the material as it appears in Am J Physiol 
Heart Circ Physiol 298: H1870-1878, 2010.  The dissertation author was the primary 









In the previous chapter, we reported that when the aggregation levels were elevated to 
those seen in healthy humans, a significant augmentation in the layer width in small 
arterioles was observed only under extremely low shear conditions (pseudoshear rate = 
17.1  6.1 s
-1
).  In this study, we aimed to provide detailed quantitative information on the 
cell-free layer at aggregation levels relevant to pathological conditions in humans.  We 
tested the hypothesis that at pathological aggregation levels of red blood cells, the layer 
formation can be significantly enhanced at substantially high pseudoshear rates (>> 17.1  
6.1 s
-1
).  To test this hypothesis, arteriolar blood flow visualization in the rat cremaster 
muscle was carried out before and after aggregation induction in both normal and reduced 
flow conditions.  The levels of red blood cell aggregation were adjusted to those observed 
in human blood under physiological and pathological conditions.  This experimental study 
was conducted at the National University of Singapore and the Grayscale method was 










4.2.2. Materials and Methods 
(a) Animal preparation, experimental setup, rheological and physiological measurements 
and arterial pressure reduction 
A total of thirteen male Sprague-Dawley rats weighing between 195 to 250 g were 
utilized in this study.  All animal handling and care procedures were in accordance with 
National University of Singapore Guidelines and Ethics on Animal Experimentation.  The 
rat cremaster muscle exposure and the specifications of optical system used for arteriolar 
flow visualization in this study were earlier described in chapter 3.  Details on the 
rheological (hematocrit and aggregation) and physiological (arterial pressure) 
measurements as well as the protocol for arterial blood pressure reduction can be referred 
to chapter 4.1.  The reduced arterial pressure was designed to be higher than that (~40 
mmHg) used in chapter 4.1 so that higher pseudoshear rates could be simulated to 
distinguish the effects of hyper-aggregation from those of normal-aggregation.  
Experiments were performed on rats under non-aggregating conditions (M = 0), 
physiological normal-aggregating conditions (M = 12 – 16) (97, 167), and pathological 
hyper-aggregating conditions (M > 20) (31, 80). 
     
(b) Adjustment of aggregation  
Red blood cell aggregation was elevated to physiological and pathological levels 
(normal- and hyper-aggregating conditions) found in humans by infusion of Dextran 500 
(Average molecular weight, 460 kDa, Sigma) dissolved in saline (60 mg/ml).  A total of 
200 mg/kg of body weight was infused over the course of 1-2 minutes to achieve normal 
levels of aggregation while a total of 250 mg/kg of body weight was administered to 





of the body weight, the infusion of the dextran solution would produce the plasma-dextran 
concentrations of ~0.63% and ~0.78% in the normal-aggregating and hyper-aggregating 
rats, respectively.  The degree of red blood cell aggregation determined with the 
aggregometer was presented in terms of the M index based on the 10-s setting where M is 
a function of the degree of aggregation.  Experiments were performed on rats under non-
aggregating conditions (M = 0), normal-aggregating physiological conditions (M = 12 – 
16) (97, 167), and hyper-aggregating pathological conditions (M > 20) (31, 80).  
 
(c) Experimental protocol 
The rat was mounted on the microscopic stage and allowed to stabilize over a period 
of ~10 minutes, after which an arterial blood sample was withdrawn for measurements of 
aggregation and hematocrit levels.  An unbranched arteriole with an inner diameter of 15 – 
60 µm was selected for the study based on the criteria of stable flow, clear focus and good 
contrast of the image.  Recording of blood flow was performed at a framing rate of 3000/s 
for a time period of 1s.  The recording was repeated for the reduced flow condition, after 
which the cuff pressure was released for the arterial pressure to return and stabilize to 
normal levels.  Time course of arterial pressure change is shown in Fig. D.1 (Appendix 
D).  The above protocol was repeated after the administration of Dextran 500 to elevate 
the red blood cell aggregation to either normal or hyper levels.  
 
(d) Cell-free layer width measurement 
The cell-free layer width was defined by the distance from the edge of the red blood 
cell core to the inner wall of the vessel.  A detailed description of the layer width 





measurement was ~0.42 µm with the current microscopic system.  In this study, the mean 
or temporal variation (SD) of the layer widths was the averaged magnitude on both sides 
of the vessel.  Since a strong proportional relation between the vessel radius and the layer 
width was apparent in previous studies (13, 17, 30), to eliminate the effects of varying 
vessel radius on the layer formation in the present study, the layer width characteristics 
were normalized to their vessel radius.  This analysis also provides an indication of the 
proportion of the vessel lumen occupied by the layer. 
 
(e) Cellular velocity and pseudoshear rate 
The centerline velocity ( c) in the vessel was obtained by performing the image 
correlation method on sequentially extracted images from the high-speed video recording 
(41, 163).  The mean velocity (Vmean) was determined by using a correction factor of 1.6 
(7).  On the other hand, the edge cellular velocity ( edge) of the blood core was obtained by 
manually tracking movements of outermost red blood cells across 10 digitalized frames 
using an image analysis software (SigmaScan Pro 4.0, SPSS) (82).  Mean pseudoshear 
rate     used in this study was determined based on  mean using the relation:    = Vmean/D 
where D is vessel diameter.   
 
(f) Statistical analysis and data interpretation  
Statistical tests including regression fits of the experimental data were carried out 
using a statistical software package (Prism 4.0, GraphPad). The two-tailed unpaired t-test 
was used to determine differences between parameters for normal and reduced arterial 
pressures.  To compare experimental and physiological parameters for three or more 





significance of statistical difference.  All the physiological and rheological data have been 
reported as mean ± SD.  For all statistical data analyses, P < 0.05 was considered 
statistically significant.  
 
4.2.3. Results 
(a) Systemic parameters  
Normal mean arterial pressures for non-aggregating, normal-aggregating and hyper-
aggregating rats were 99.8 ± 10.9, 98.6 ± 8.8 and 94.0 ± 9.6 mmHg, respectively.  After 
flow reduction, the corresponding mean arterial pressures were 61.8 ± 5.5, 62.0 ± 5.5 and 
60.1 ± 5.9 mmHg.  Systemic hematocrit was 47.0 ± 2.3%, 46.0 ± 2.7% and 46.0 ± 2.2% 
for non-aggregating, normal-aggregating and hyper-aggregating rats, respectively.  No 
significant differences were found in the mean arterial pressures or hematocrits between 
the different aggregating groups.  The aggregation index, M value, was 0.0 before 
aggregation induction.  After normal-aggregation and hyper-aggregation inductions, 
respective M values became 13.1 ± 2.7 and 21.6 ± 4.8 which simulated both healthy and 
pathological levels of aggregation in human blood (12, 80, 97).  At normal arterial 
pressures, mean    in the arterioles was 170.5 ± 102.6, 167.6 ± 99.3 and 144.7 ± 89.5 s-1 
under non-aggregating, normal-aggregating and hyper-aggregating conditions, 
respectively.  After reduction of arterial pressures, the corresponding mean    was 74.6 ± 
53.4, 70.3 ± 48.7 and 57.3 ± 45.8 s
-1
.  No significant differences were found between the 
mean    of the different aggregating conditions for both normal and reduced flow 

















  Normal Reduced Normal Reduced 
  
Non 99.8 ± 10.9 61.8 ± 5.5 170.5 ± 102.6 74.6 ± 53.4 47.0 ± 2.3 0.0 
Normal 98.6 ± 8.8 62.0 ± 5.5 167.6 ± 99.3 70.3 ± 48.7 46.0 ± 2.7 13.1 ± 2.7 
Hyper 94.0 ± 9.6 60.1 ± 5.9 144.7 ± 89.5 57.3 ± 45.8 46.0 ± 2.2 21.6 ± 4.8 
 
 
(b) Effect of aggregation and flow rate on normalized mean and SD of the layer width 
Figure 4.2.1 shows the mean and SD of the cell-free layer width normalized by vessel 
radius for the three different aggregating conditions at both normal and reduced flow rates.  
In normal flow conditions, as shown in Fig. 4.2.1A, an increase in normalized mean width 
from non-aggregating (16.0 ± 0.8%) and normal-aggregating (16.2 ± 0.8%) conditions 
was found under hyper-aggregating condition (18.0 ± 0.9%) although this increment was 
statistically insignificant.  Conversely, in reduced flow conditions, the increase in 
normalized mean width from non-aggregating condition was found to be significant (P < 
0.0001) after hyper-aggregation induction.  Accordingly, normalized mean width was 15.7 
± 0.9%, 18.3 ± 0.9% and 20.6 ± 0.9% for non-aggregating, normal-aggregating and hyper-
aggregating conditions, respectively.  A significant increase (P < 0.05) in normalized 
mean width was also found after flow reduction (    144.7 ± 89.5 s-1 → 57.3 ± 45.8 s-1) 






Figure 4.2.1: A & B: Mean and standard deviation (SD) of the cell-free layer width 
normalized by vessel radius.  * P < 0.05, ** P < 0.002. *** P < 0.0001. 
 
Normalized SD of the cell-free layer width in the three aggregating conditions before 
and after flow reduction is shown in Fig. 4.2.1B.  No significant differences were found 
between the three aggregating conditions under normal flow conditions.   However, at 
reduced flow rates, the hyper-aggregating condition (11.0 ± 1.0%) showed a significant 
increase (P < 0.002) in normalized SD from the non-aggregating condition (9.2 ± 0.9%).  
Unlike the normalized mean width, no significant augmentation in the normalized SD was 
obtained after flow reduction during hyper-aggregation induction. 
 
(c) Effect of vessel radius on normalized mean and SD of the layer width 
The effect of vessel radius on normalized mean and SD of the cell-free layer width is 
shown in Fig. 4.2.2.  An exponential decay function (y = Ae
-Bx
) was utilized since it 
provided a better fit than linear regression for all conditions.  In accordance, an increase in 
both normalized mean and SD of the layer width was generally observed with decreasing 
vessel radius irrespective of the flow and aggregating conditions.  Under normal flow 
conditions, the slopes of the exponential fits for normalized mean width were very similar 
for the different aggregating conditions (B = 0.018, 0.02 and 0.02 for non-aggregating, 
















































































































normal-aggregating and hyper-aggregating conditions, respectively).  Upon the reduction 
of flow, the slope of the exponential fit associated with the hyper-aggregating condition (B 
= 0.032) became 146% and 33% greater than those (0.013 and 0.024) of the non-
aggregating and normal-aggregating conditions, respectively.  As a result, the discrepancy 
in normalized mean widths between the aggregating and the non-aggregating conditions 
enlarged with decreasing vessel radius and this effect became more pronounced under 
hyper-aggregating than normal-aggregating conditions.  As apparent in Fig. 4.2.2B, the 
normalized mean widths for the entire range of vessel radii were consistently larger under 
hyper-aggregating condition than those in non-aggregating and normal-aggregating  
As shown in Figs. 4.2.2C and 4.2.2D, similar effects of vessel radius were observed on 
normalized SD.  The slopes of exponential fits for all aggregating conditions did not 
significantly differ from one another in normal flow conditions.  However, after flow 
reduction, an augmentation in the slope was obtained with increasing aggregation level.  
The slope of the exponential fit associated with the hyper-aggregating condition (B = 
0.083) was 118% and 51% greater than those (0.038 and 0.055) in the non-aggregating 






Figure 4.2.2: A & B: Relationship between normalized mean layer width and vessel 





 = 0.06) is used to fit data points from all aggregating groups at normal 
arterial pressure while individual exponential fits are utilized for the different aggregating 













 = 0.20 for hyper-
aggregation).  C & D: Relationship between normalized SD and vessel radius at normal 





 = 0.48) is used to fit data points from all aggregating groups whereas at 
reduced arterial pressure, individual exponential curve fits are utilized for the non-








 = 0.24) 




 = 0.43) conditions.  In B & D, ,
and  represent the exponential fits for the non-aggregating, normal-aggregating and 
hyper-aggregating conditions, respectively. 
 
(d)  Effect of  pseudoshear rate on normalized mean and SD of the layer width 
As shown in Fig. 4.2.3, linear regression was used to evaluate the relation between the 
normalized mean or SD of the layer width and the corresponding      for the different 





































































































aggregating conditions.  In the case of normalized mean layer width (Fig. 4.2.3A), no 
significant relation was found for the non-aggregating condition as the slope of its linear 
regression fit was not significantly different from zero.  Despite the large scattering of data 
points for both normal-aggregating and hyper-aggregating conditions, the slopes of their 
regression fits (-0.028 for normal-aggregating condition and -0.031 for hyper-aggregating 
condition) were statistically significant (P < 0.05), indicating a small but significant 
increase in normalized mean layer width with decreasing   .   
 
Figure 4.2.3: A: Relationship between normalized mean layer width and pseudoshear rate 
(  ).  Linear regression fits are used to depict this relation for the non-aggregating (y = -
0.00367x + 16.2, R
2
 = 0.003), normal-aggregating (y = -0.0280x + 19.6, R
2
 = 0.07) and 
hyper-aggregating (y = -0.0305x + 22.1, R
2
 = 0.11) groups.  B: Relation between 
normalized SD and    .  Linear regression fits are used to describe this relation for the non-
aggregating (y = -0.000124x + 8.79, R
2
 = 0.001), normal-aggregating (y = -0.00337x + 
9.24, R
2
 = 0.001) and hyper-aggregating (y = -0.0103x + 11.0, R
2
 = 0.018) groups.  
, and  represent the linear fits for the non-aggregating, normal-aggregating and 
hyper-aggregating conditions, respectively. 
The intercepts of their regression fits with that of the non-aggregating condition was 
used to provide a threshold    at which the cell-free layer formation might become more 
pronounced after aggregation induction.  The threshold    was higher under hyper-
aggregating (217 s
-1
) than normal-aggregating conditions (139 s
-1
).  On the other hand, no 
significant relation between the normalized SD of the layer width and    was found in the 





















































three aggregating conditions (Fig. 4.2.3B).  It was expected since no significant effect of 
flow reduction was observed for the normalized SD of the layer width under all 
aggregating conditions (Fig. 4.2.1B).  In addition, the y-intercept of the linear regression 
fit associated with the hyper-aggregating condition (11.0) was significantly (P < 0.05) 
larger than that obtained with the non-aggregating condition (8.8).  This would indicate a 
pronounced augmentation of normalized SD from the non-aggregating condition by 
hyper-aggregation induction regardless of   .     
  
Table 4.2-2: Distribution parameters for normalized layer widths in Fig. 4.2.4 
 Non-Aggregation Normal-Aggregation Hyper-Aggregation 
Normal Flow 
 
Mean 16.0 16.0 17.9 
Median 13.5 14.3 17.8 
25% 7.0 7.4 7.8 
75% 21.6 22.2 25.4 
Reduced Flow  
Mean 16.0 18.7 20.9 
Median 14.3 16.7 18.6 
25% 6.7 8.7 10.3 
75% 22.2 25.8 28.6 






(e) Histogram and cumulative frequency distribution (CFD) of the layer widths 
To provide a more comprehensive view of the cell-free layer width characteristics, all 
the temporal variation data of the layer width were grouped according to their normalized 
distances (by vessel radius) away from the vessel wall in the form of histograms and 
cumulative frequency distribution (CFD).  This is beneficial since the layer width 
distribution may not be adequately described by their mean value and SD due to their non-
Gaussian characteristics (115).  Figures 4.2.4A and 4.2.4B present histograms of the layer 
widths at normal and reduced arterial pressures, respectively for the three aggregating 
conditions.  For the histogram analyses, the layer widths were divided into bins of 
normalized distance 5%.  A normalized distance of 0% indicates the position of the 
luminal vessel wall while a normalized distance of 100% refers to the location of the 
vessel center.  The various key distribution parameters of the histograms are provided in 
Table 4.2-2.    
When the aggregation tendency was enhanced from non-aggregating to hyper-




 percentiles was 
observed for both flow conditions.  However, such an increase was more pronounced 
under reduced flow conditions as compared to normal flow conditions.  This shift of the 
layer widths towards magnitudes of larger normalized distances away from the vessel wall 
became even more obvious when a CFD plot was used as shown in Figs. 4.2.4C and 
4.2.4D.  Under normal flow conditions (Fig. 4.2.4C), CFD for non-aggregating and 
normal-aggregating conditions appeared to be almost identical and the layer widths were 
all found within a normalized distance of ~60% from the vessel wall.  With hyper-
aggregation induction, ~25% increase in this distance was observed.  On the other hand, 





appeared different from one another and even greater penetration of the layer widths 
towards the vessel center was observed for the hyper-aggregating condition compared to 
normal flow conditions.  All the layer widths for the hyper-aggregating condition were 
found within a normalized distance of ~85% from the vessel wall, a ~13% increase 
compared to that under normal flow conditions. 
 
Figure 4.2.4: A & B: Histograms of the cell-free layer widths at normal and reduced 
arterial pressures, respectively.  C & D: Cumulative frequency distribution (CFD) of the 
layer widths at normal and reduced arterial pressures, respectively 
 
4.2.4. Discussion 
The salient finding of the present study was the significant enhancement of the cell-
free layer formation in the arterioles at pathological aggregation (hyper-aggregation) 
levels of red blood cells at relatively high pseudoshear rates (57.3 ± 45.8 s
-1
), which was 
previously not found at physiological aggregation (normal-aggregation) levels.  In 
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addition, this effect became more pronounced in smaller arterioles in normalizing the 
mean layer width with vessel radius.  
 
(a) Effect of aggregation and flow rate on the layer characteristics 
A previous study by Kim et al. (83) has reported no significant effect of red blood cell 
aggregation at physiological levels (M = 13.7 ± 1.1) on the mean and SD of the cell-free 
layer width at normal arterial pressures (P = 112 ± 7 mmHg,    = 220.3 ± 123.4 s-1).  This 
finding was in agreement with that obtained in the present study where no significant 
changes in normalized mean and SD of the layer width were found under similar 
aggregating and flow conditions.  In addition, our study revealed that hyper-aggregation 
induction had no significant effect on the layer formation at normal arterial pressures.  
This would suggest that the high shear conditions in the arterioles associated with normal 
arterial pressures were unfavorable for prominent aggregates formation to promote axial 
migration of the red blood cells even at the hyper-aggregation levels.  However, the small 
increase (~11%) in normalized mean width from the non-aggregating condition, though 
not significant (P = 0.07), might suggest a slight enhancement of the layer formation after 
hyper-aggregation induction. 
Studies (42, 105) have reported flow reduction in the arterioles at hyper-aggregation 
levels higher than those in this study.  Mchedlishvili et al. (105) have observed that blood 
flow velocity in arterioles (ID ~14 – 26 µm) of the rat mesentery slows down by ~50% 
after the intravascular administration of Dextran 500 dissolved in saline (10%) which 
produces an estimated plasma-dextran concentration of ~0.87%.  An even greater 
reduction of flow (~75%) was found by Durussel and coworkers (42) in arterioles (ID ~50 





fold higher in plasma-dextran concentration than in this study).  These declines in blood 
flow in the arterioles are accompanied by the observations of large aggregates in the flow 
stream.  As compared to the above studies (42, 105), blood flow was decreased by a 
modest extent (~19%) in the present study after the pathological induction of aggregation 
at reduced arterial pressures which was expected due to the lesser amount of dextran 
infusion.  Due to flow dependence of red blood cell aggregation, the reduction in flow 
after the hyper-aggregation induction might have synergistically contributed to the 
significant enhancement of the layer formation by promoting aggregates formation.   
 
(b) Effect of vessel radius on the layer characteristics 
The inverse relationship between the normalized mean layer width and the vessel 
radius for non-aggregating and normal-aggregating conditions at normal flow rates were 
in agreement with those previously obtained from in vitro and in vivo experiments (83, 
133) or predicted from computational studies (69, 146).  We further showed that the 
inverse relationship was also applicable to the hyper-aggregating condition.  Based on the 
exponential curve fit of the combined data points from different aggregating conditions, 
the present study revealed an increase in normalized mean width from 13.0% to 18.8% 
with decreasing vessel radius from 29.5 to 7.7 µm at normal arterial pressures.  A similar 
relationship that was independent of aggregation was found in arterioles of the same tissue 
type by Kim and co-workers (83) at normal arterial pressures.  In their study, a 
comparable change in magnitudes of normalized mean widths (11.0% → 17.7%) was 
obtained for the same change in vessel radius.  However, normalized mean widths 





ranging from ~7% to 14%, probably because parameters (i.e. apparent blood viscosity) 
used in their model were obtained from in vitro glass tube experiments with perfusion of 
human blood cells.  The comparison between in vivo and in vitro results on the cell-free 
layer would be limited by different experimental conditions such as tube wall rigidity, 
mechanical properties of blood cells, existence of endothelial surface layer (ESL) and so 
on.  It should be noted that our cell-free layer measurements include the thickness of the 
ESL which was found to be 0.38 µm in arterioles ~10 – 35 µm in radius (139).  By 
considering this thickness of ESL in all vessels, the ESL would contribute to ~26% – 10% 
of normalized mean layer width (18.8% – 13.0%) for the range of vessel radii (7.7 – 29.5 
µm) examined in the current study in normal flow conditions.          
The present study provided information on the effect of vessel radius on the layer 
formation at pathological hyper-aggregation levels under reduced flow conditions.  In 
accordance, a more pronounced exponential increase of normalized mean width with 
decreasing vessel radius was found in the hyper-aggregating condition as compared to the 
non-aggregating and normal-aggregating conditions. This finding was in agreement with 
results reported in a previous study (150) where the slope of linear regression curves used 
to depict the relationship between normalized mean layer width and vessel radius (10 – 20 
µm) also increased with an elevation of the aggregation level by Dextran 70 infusion (0 → 
4 g/dl).  
Combining the findings on normalized mean and SD of the layer width shown in Fig. 
4.2.2, the cell-free layer seemed to play a more significant physiological role in the 
smaller vessels than bigger ones since the layer width characteristics were found to be 
superior in the former.  However, to assess the overall functional implication of the layer, 





characteristics.  For instance, potential reduction of effective blood viscosity by the 
presence of the layer with finite thickness may be counteracted by converse increase of the 
viscosity implicated with the temporal and spatial variations of the layer (146).  Such an 
effect is thus expected to become more pronounced after flow reduction, in particular at 
pathological aggregation levels.     
  
(c)  Effect of pseudoshear rate on the layer formation 
Reinke et al. (133) have reported a shift in the pseudoshear rate for prominent layer 
formation in small glass tubes (ID = 30.2 – 132.3 µm) to higher values when the 
aggregation tendency of the human red blood cells perfusate was intensified (M = 28 ± 2) 
by the addition of Dextran 250.  This effect appeared pertinent to cell-free layer formation 
in the arterioles as well since our present study showed that prominent arteriolar cell-free 
layer formation could take place at a higher threshold pseudoshear rate under the hyper-
aggregating condition than the normal-aggregating condition (Fig. 4.2.3A).  The stronger 
attractive forces between red blood cells induced by the higher concentration of Dextran 
500 used to simulate hyper-aggregation as opposed to normal-aggregation could overcome 
the larger magnitudes of shear-induced dispersive forces at higher pseudoshear rates, 
increasing the possibility of aggregates formation at these flow conditions that can 
potentially lead to more prominent layer formation through enhanced red blood cell axial 
migration. 
 
(d) Physiological significance  
The prominent cell-free layer formation found under hyper-aggregating condition 





viscosity near the vessel wall (133).  The reduction in flow resistance by an increase in the 
layer width can be estimated based on the change in relative apparent blood viscosity 
       using a two-phase model developed previously (146).  By assuming that the 
viscosity in the cell-free layer is equivalent to that of the plasma, the       can be given as 
follows: 




                    
  




  represents the ratio between the blood core viscosity      and the plasma 
viscosity      which is obtained from a previous study (129).    denotes the normalized 
mean cell-free layer width.  Based on the above analysis, we found that an increase in 
normalized mean layer width (14.0% → 15.8%, vessel radius (R) = 26.7 µm) from the 
non-aggregating state after hyper-aggregation induction in reduced flow conditions was 
capable of reducing      by ~4.3% (1.71 cP → 1.63 cP).  This effect became enhanced 
with decreasing vessel radius.  Accordingly,      was attenuated by ~14.6% (1.57 cP → 
1.34 cP) for R = 10.2 µm (   = 17.4% → 25.9%).   
A reduction in the wall shear stress could also occur which attenuates the production 
of nitric oxide, possibly leading to vasoconstriction (78).  This effect can be supported by 
several experimental studies (13, 173) where a diminished expression of NO synthesizing 
mechanisms in arterioles or glass capillaries was found after aggregation induction.  In 
addition, an experimental study (155) has suggested that the cell-free layer may form a 
resistive barrier to the diffusion of oxygen from the red blood cells to the tissues, possibly 






Figure 4.2.5: A, B & C: Ratio between WSS values with (τ*) and without (τ) 
consideration of the cell-free layer width variations as a function of Cv.  A 2
nd
 order 
polynomial function is utilized for the curve fit: y = 1 – 0.05x + 1.37x2; R2 = 0.66 for non-
aggregating condition, y = 1 – 0.23x + 1.75x2; R2 = 0.84 for normal-aggregating condition 




 = 0.76 for hyper-aggregating condition.  ,
and  represent the curve fits for the non-aggregating, normal-aggregating and hyper-
aggregating conditions, respectively. 
 
On the other hand, the dynamical characteristics of the cell-free layer width could 
modulate physiological responses.  Sharan and Popel (146) have theoretically shown that 
variations in the layer width could lead to additional viscous dissipation, hence 
diminishing the reduction of flow resistance that is expected from the lubricating presence 
of the cell-free layer.  This effect is likely to be more pronounced after hyper-aggregation 
induction than normal-aggregation induction especially at reduced flow rates since the 
increase in normalized SD from non-aggregating condition was greater in the former 
(18.9%) than in the latter (11.4%).  Our previous study (111) has also shown that WSS in 
small arterioles could be enhanced by the temporal variations in the layer width at 
physiological aggregation levels (M = 9.9 ± 1.4) and very low edge pseudoshear rates 















(       = 9.2 ± 0.6 s
-1
) where the          was defined based on the Vedge on either side of the 
blood core using the relation:                .  
To examine the relative importance of this effect under hyper-aggregating condition 
compared to other aggregating conditions, we selectively regrouped the arterioles for each 
aggregating condition to have a narrow range of (       < 50 s
-1
).  After regrouping, mean 
        in the selected vessels (ID = 38.6 ± 8.8 µm) were 37.1 ± 5.8, 35.6 ± 10.9 and 33.0 ± 
8.7 s
-1
 for the non-aggregating, normal-aggregating and hyper-aggregating conditions, 
respectively.  The coefficient of variation (Cv) was introduced to quantify the temporal 
variability of the layer as follows: 
                                                                                                                                      
where CFLSD and CFLmean refer to the SD and mean of the cell-free layer width on either 
side of the vessel, respectively.  Based on the analysis method for WSS determination 
reported in our earlier study (18), Fig. 4.2.5 compares the WSS values obtained with (τ*) 
and without (τ) consideration of the temporal variations in the layer width.  The WSS for a 
particular layer width (W) was obtained by the product of the wall shear rate and the 
plasma viscosity (1.3 cP (157)) where wall shear rate can be derived using Vedge/W by 
assuming a linear velocity gradient in the cell-free layer.  τ* was obtained by averaging the 
individual WSS values derived from each magnitude of the layer width while τ was 
obtained based on the mean width of the layer with no variations.  Thus, τ*/ τ > 1 indicates 
an enhancement of the WSS by the layer width variations.  The τ*/ τ were generally 
greater than unity in the entire range of Cv (0.22 − 0.70), implying an enhancement of the 





in steepness (B2) of the 2
nd 
order polynomial curve fit (y = 1 + B1x + B2x
2
) was found in 
the hyper-aggregating condition compared to the other aggregating conditions.  
Accordingly, B2 was 1.37, 1.75 and 2.96 for the non-aggregating, normal-aggregating and 
hyper-aggregating conditions, respectively.  The curve fits for non-aggregating and 
normal-aggregating conditions appeared to be very similar to each other, indicating no 
significant effects of aggregation at physiological levels on the relation between τ*/τ and 
Cv.  However, an aggregation effect on this relation was found as the aggregation level 
was further increased since τ*/τ for hyper-aggregating condition was consistently greater 
than those for these two aggregating conditions in the range of Cv from 0.38 to 0.61.  This 
finding suggested that the enhancement in WSS by the layer width variations could 
become more pronounced at pathological hyper-aggregation levels.   
 
(e) Potential limitations 
The cell-free layer width in rat could vary from that in human due to differences in the 
size of their red blood cells and vessel radii.  The size of rat cells (mean corpuscular 
volume ~55 µm
3
) is smaller than that of human cells (~90 µm
3
) (144).  However, the 
mean magnitudes of the cell-free layer widths obtained from the rats (115) were in 
agreement with those found with the perfusion of human red blood cells (104) for similar 
sized microvessels.  By taking the cube root of the ratio of approximated volumes between 
red blood cells of the human and rat, the vessel radii of the human arterioles 
were estimated to be 1.18 times larger than those of the rat arterioles (114).  Therefore, 
comparing with the mean rat arteriole radius (16.0 µm) obtained in the present study, the 





magnitudes of normalized mean cell-free layer width by ~9% under hyper-aggregating 
condition at reduced flow rates.   
In this study, the aggregation level of rat blood was elevated to levels seen in normal 
and pathological human blood, which was purely based on the M index produced by the 
Myrenne aggregometer.  It is of note that, since the rat red blood cell is about 40% smaller 
in volume than the human cell as mentioned above, the measured aggregation levels in 
blood samples from the rat and human may not be directly comparable based on the 
Myrenne indexes.  However, this approach, by using the Myrenne index to match the 
aggregation tendency of rat red blood cells to the human red blood cells, has been well 
established by many previous studies (16, 86, 115) for investigating the influence of 
normal human levels of red blood cell aggregation on microvascular functions.  The new 
quantitative information of the cell-free layer formation in the hyper-aggregating 
condition provided in this study would help to better understand the hemodynamics in 
arterioles with hemorheological relevance to the pathological aggregating conditions in 












5. STAGE II(b): CELL-FREE LAYER FORMATION NEAR AN ARTERIOLAR 
BIFURCATION: EFFECTS OF ERYTHROCYTE AGGREGATION 
 




To examine how the cell-free layer formation could be affected by blood flow 
separation at the arteriolar bifurcation, this study investigated the dynamic process of the 
layer formation in the vicinity of an arteriolar bifurcation and in the process, determined 
the extent to which the pattern of the layer formation is being propagated from the 
upstream vessel to its downstream branches.  Since the symmetry of the layer widths on 
opposite sides of the vessel is of functional importance, we examined how this layer width 
characteristic can vary in both the upstream and downstream vessels.  We also 
investigated how the proportion of upstream flow redistribution into the downstream 
vessel can influence the extent of the layer formation in the vessel.  In this experimental 
study, the Grayscale method was utilized for layer width measurement based on the 








5.1.2. Materials and Methods 
(a) Animal preparation, experimental setup, rheological and physiological measurements 
and red blood cell aggregation level adjustment 
A total of sixteen male Sprague-Dawley rats weighing 213 ± 14 g were utilized in this 
study.  All animal handling and care procedures were in accordance with the National 
University of Singapore Guidelines and Ethics on Animal Experimentation.  The rat 
cremaster muscle was exteriorized and prepared for intravital microscopy as described in 
chapter 3.  Details of the animal preparation and experimental setup, rheological 
determinations of hematocrit and red blood cell aggregation level, physiological 
measurements of arterial pressure as well as adjustments of red blood cell aggregation to 
levels seen in healthy (normal-aggregating) human blood were described in chapters 3 and 
4.1 and the reader is referred to them for complete information. 
 
(b) Experimental protocol 
An arterial blood sample was withdrawn from the femoral artery to measure initial 
values of hematocrit and aggregation.  The microscope was then focused on the equatorial 
plane of an arteriolar bifurcation, which was identified based on its diverging flow pattern.  
The bifurcation consisted of an upstream parent vessel with an inner diameter (ID) ranging 
from 20 – 60 µm and two downstream daughter vessels with 10 – 60 µm ID.  The 
bifurcation was chosen on the basis that the daughter vessels should contain red blood 
cells flow and that all vessels should fulfill the criteria of stable flow, clear focus and good 
contrast of the image.  The branch point of the parent vessel and daughter vessels was 
oriented with the center of the video screen so that blood flow from the parent vessel to its 





were obtained for a video recording time of 1 s.  The above protocol was repeated after 
Dextran 500 was administered to elevate red blood cell aggregation to either normal or 
hyper level.  The arterial blood pressure was allowed to stabilize before any flow 
recording was carried out. 
 
(c) Cell-free layer width measurement around an arteriolar branch point  
The technique of cell-free layer width determination based on the Grayscale method 
can be referred to chapter 3.  The cell-free layer width was defined as the distance from 
the edge of the red blood cell core to the inner wall of the vessel.  The spatial resolution of 
the layer width measurement was ~0.42 µm with the current system.  To obtain the mean 
layer width at a particular longitudinal location on one side of the vessel, the layer width 
measurements from all 3000 frames were averaged.  Temporal variation of the layer width 
at the same location was quantified by the standard deviation (SD) of the layer widths.   
To describe the spatial variations of the layer width in the vicinity of the bifurcation, 
multiple analysis lines for the layer width measurement were applied at a fixed 
incremental distance of 0.5D away from the bifurcation in the parent vessel and daughter 
vessels (see Fig. 5.1.1), from 0.0D to 2.0D where D is the internal diameter of the vessel 
determined at location of 0.0D.  A convention to distinguish between the two daughter 
vessels was established in this study such that the vessel with smaller diameter was 
labeled as the side branch and the other vessel as the larger daughter vessel.  For 
simplicity, in Fig. 5.1.1, continuous straight lines were drawn to represent the walls of all 
vessels.  In reality, non-uniformity in diameter was observed along the vessel.  To 





were normalized by the corresponding vessel radius specific to their analysis line location.  
The effect of flow separation on the layer formation due to the side branch was examined 
by comparing the changes in the layer width characteristics in the parent vessel and larger 
daughter vessel.     
 
Figure 5.1.1: Schematic diagram of a typical arteriolar bifurcation.  Analysis lines for the 
layer width measurement are shown at a fixed incremental distance of 0.5Dx away from 
the bifurcation in the parent vessel (p), larger daughter vessel (ldv) and side branch (sb) 
where Dx is the inner diameter of vessel x (p, ldv or sb) measured at 0.0Dx.   
 
(d) Mean flow velocity, pseudoshear rate and volume flow rate 
The centerline velocity ( c) was obtained offline by performing the image correlation 
method on digitalized images of the video recording (41, 163) with the use of a 
commercially available software (MATLAB; Mathworks, Natick, MA).  Mean flow 
velocity (     ) was approximated from    by applying a correction factor of 1.6 









































             where    is the average of vessel diameters measured at all the five 
analysis line locations (0.0D, 0.5D, 1.0D, 1.5D and 2.0D) in the vessel.  Volume flow rate 
    in a given vessel was estimated as follows:            
       .   
 
(e) Statistical analysis and data presentation 
Statistical analyses including regression fits and 95% confidence intervals of the 
experimental data were performed using a statistical software package (Prism 4.0, 
Graphpad).  Paired t-tests were used to determine the statistical significance of differences 
in the layer width characteristics between opposite sides of the vessel and between two 
spatial locations along the vessel.  All physiological and rheological data were reported as 
means ± SD unless otherwise specified.  For all statistical tests and regression fits, P < 
0.05 was regarded statistically significant. 
 
5.1.3. Results 
(a) Physiological and rheological parameters   
The mean hematocrit for the rats was 46.0 ± 2.7%.  The corresponding mean M index 
was 13.1 ± 2.7 which was similar to those measured in healthy (97, 167) human blood.  In 
addition, mean arterial blood pressure was 98.6 ± 8.9 mmHg and mean      in the parent 




(b) Spatial and temporal variations in cell-free layer formation  
Spatial variations of normalized mean layer width in the parent vessel and larger 





mean width are presented in Table E.1-1 (Appendix E).  To describe the trend of the 
variations in normalized mean layer width with distance from the bifurcation in the parent 
vessel, separate linear regression curves were used to fit data points of normalized mean 
layer width from 2.0D to 0.5D and from 0.5D to 0.0D so that the decrease in the layer 
width near the bifurcating point can be more clearly distinguished.  No significant 
difference was found between normalized mean widths at the adjacent and opposite walls.  
No discernable change in normalized mean width was found at a longitudinal distance of 
2.0D – 0.5D from the bifurcation at both the opposite and adjacent walls of the parent 
vessel as slope of the linear regression fit was not significantly different from zero.  
However, the attenuation of normalized mean width in the parent vessel at a distance of 
0.5D – 0.0D from the bifurcation, calculated by the percentage decrease in normalized 
mean width from that determined at 0.5D, was more pronounced at its adjacent (14.7%) 
than opposite (2.5%) wall.   
In the larger daughter vessel, normalized mean layer widths at the opposite wall (Fig. 
5.1.2B) were significantly larger (P < 0.05) than those at the adjacent wall (Fig. 5.1.2D).  
To evaluate the trend of the spatial variation in the extent of the layer formation with 
distance from the bifurcation, data of normalized mean widths on either side of the larger 
daughter vessel were curve-fitted using linear regression.  At the adjacent wall (Fig. 
5.1.2D), the slope of the regression fit (2.46) was statistically significant (P < 0.002), 
leading to considerably larger (P < 0.05) normalized mean widths at 2.0D than at 0.0D 
from the bifurcation.  On the other hand, no significant variation in the normalized mean 
width with distance from the bifurcation was found at the opposite wall as the slope of the 







Figure 5.1.2: Spatial variations of the normalized mean layer width at the opposite and 
adjacent walls of (A & C) parent vessel and (B & D) larger daughter vessel.  *P < 0.05: 
Significantly thicker layer as compared to that at 0.0D along the same wall. 
 
 
Figure 5.1.3: Temporal variations of the layer width at the opposite and adjacent walls of 
(A & C) parent vessel and (B & D) larger daughter vessel.   






































Distance from bifurcation (D)
























































Distance from bifurcation (D)























As shown in Figs. 5.1.3A and 5.1.3C, temporal variation of the layer quantified by the 
normalized SD of its width was significantly larger (P < 0.05) at the adjacent than 
opposite wall of the parent vessel.  However, such discrepancy was not observed in the 
larger daughter vessel (Figs. 5.1.3B and 5.1.3D).  Based on linear regression, no 
significant trend in variation of normalized SD of the layer width was found with 
longitudinal distance from the bifurcation in both the parent vessel and larger daughter 
vessel.   
 
(c) Feeding of the layer in the parent vessel into the downstream vessels 
 
Figure 5.1.4: Relationship between normalized mean layer widths in the downstream 
vessel                and on corresponding side of the parent vessel                     
where bulk of flow enters the downstream vessel.  The solid line represents the linear 
regression fit of the relation while the dashed lines indicate the 95% confidence bands of 
the regression line. 
Figure 5.1.4 shows the relationship between normalized mean layer widths in the 
downstream vessel        or        and on the side of the parent vessel           or          
where bulk of the flow is fed into the downstream vessel.      or      was determined by 
averaging normalized mean layer widths on both sides of the side branch or larger 
























daughter vessel at all the five longitudinal distances from the bifurcation.          or 
        was determined by averaging normalized mean layer widths at all five longitudinal 
locations along the adjacent or opposite wall of the parent vessel, respectively.  Based on 
linear regression, a significant (P < 0.05) positive slope was obtained for the regression fit 
(y = 0.41x + 9.6; R
2
 = 0.16), indicating a strong positive correlation in the extent of the 
layer formation between the upstream and downstream vessels. 
 
(d) Asymmetry of the layer widths on opposite sides of the arteriole 
The asymmetry of normalized mean layer widths on opposite sides of an arteriole at a 
given longitudinal distance from the bifurcation was quantified as follows: 
                                                                                         
where        and         refer to normalized mean layer widths at the adjacent and 
opposite walls, respectively at a given longitudinal location (x = 0.0D, 0.5D, 1.0D, 1.5D or 
2.0D) in the vessel.  Thus, asymmetry can range from -100% to 100%.  A negative or 
positive asymmetry indicates a smaller or bigger normalized mean layer width at the 
adjacent than opposite wall and 0% asymmetry represents perfect symmetry of the 
normalized mean layer widths on opposite sides of the vessel.  The mean asymmetry of 
the layer widths with longitudinal distance from the bifurcation in the parent vessel and 
larger daughter vessel is shown in Figs. 5.1.5A and 5.1.5B, respectively.  The parent 
vessel was characterized by significantly smaller (P < 0.001) magnitudes of mean 
asymmetry than the larger daughter vessel.  Accordingly, the averaged value of mean 





vessel and -17.0 ± 6.8% in the larger daughter vessel.  No significant change of mean 
asymmetry with distance from the bifurcation was found in both the parent vessel and 
larger daughter vessel since the slopes of the regression fits did not deviate significantly 
from zero. 
 
Figure 5.1.5: Asymmetry of normalized mean layer widths on opposite sides of the parent 
vessel and larger daughter vessel.   
 
(e) Relationship between fractions of volume flow and the layer formation in side branch  
Figure 5.1.6 shows the relation between the fraction of volume flow        in the side 
branch and the corresponding fraction of the layer formation        in the same vessel.  
     was determined by calculating the volume flow rate in the side branch       as a 
fraction of total volume flow rate in both the downstream vessels using the relation: 
                      where      is the volume flow rate in the larger daughter 
vessel.  On the other hand,      was obtained by calculating       as a fraction of total 
normalized mean layer width in the downstream vessels according to the relation: 
                        .  A statistically significant (P < 0.01) negative slope was 
associated with the linear regression line, indicating that the fraction of downstream layer 
































































formation in the side branch generally decreased with increasing fraction of the volume 
flow into this vessel.   
 
Figure 5.1.6: Relationship between fraction of normalized mean layer width in the side 
branch        and corresponding fraction of volume flow into the same vessel       .  The 
solid line represents the linear regression fit (y = -0.52x + 0.74, R
2
 = 0.45) of the data 




The width of the cell-free layer in arteriolar blood flow is related to many important 
microvascular functions.  It can be deduced from previous studies (22, 37, 99, 134) that 
the layer could lubricate blood flow and reduce flow resistance (37, 134), attenuate 
production of vasodilators (nitric oxide (NO) and prostaglandins) in the endothelium by 
mitigating the wall shear stress (22) and protect endothelial derived NO from scavenging 
by the blood lumen (99).  These effects would be enhanced by formation of a thicker 
layer.  To fully elucidate the impact of these physiological changes by the layer on tissue 
functions, it is essential to consider the effects imposed by the heterogeneous nature of the 
layer formation in the arteriolar network, implicated by blood flow partitioning at the 

















bifurcations.  To date, little information on the layer formation in the arteriolar network 
has been available.  This study provides such information which in turn would be useful in 
better understanding physiological implications of the arteriolar cell-free layer at a 
network level. 
 
(a) Spatial variations of the layer formation around the bifurcation 
The extent of the layer formation in blood flow of microvessels is determined by the 
flow pattern of the outermost cells of the blood core.  The attractive forces between cells 
induced by aggregation tend to promote axial migration of the cells (63) while the shear-
induced dispersive forces tend to move the cells in the opposite radial direction (60).  In 
the vicinity of an arteriolar branch point, the characteristics of the layer formation become 
more complex than those in an unbranched region of the vessel since the flow pattern of 
red blood cells would be influenced by rheological forces in both the upstream and 
downstream vessels.  The path undertaken by a red blood cell during its transit from the 
upstream vessel into the downstream vessel is a function of the radial position of the cell 
in the former (50).  To examine how the layer formation in the upstream and downstream 
vessels can be affected by the redistribution of red blood cells at the bifurcation, we 
considered the movement of these cells from the upstream vessel into its downstream 
vessels on the basis of streamlines that depict the flow pattern at the bifurcation.   
The schematic diagram in Fig. 5.1.7 illustrates the established streamlines of 
homogeneous plasma flow at a diverging bifurcation and how radial positioning of red 
blood cells in the parent vessel with respect to the dividing streamline could affect the 
trajectories of these cells into the downstream vessels.  In particular, we considered the 





vessel that could potentially affect the layer formation in the parent vessel and larger 
daughter vessel: X and Y (outermost cells of the blood core on opposite sides of the 
vessel) and Z (cell within the blood core at the dividing streamline).  The downstream 
positions of these cells are denoted by X', Y' and Z', respectively.  All the cells are 
orientated edge-on.  Mean flow velocity is assumed to be smaller in the side branch than 
larger daughter vessel which is reflected by the less crowding of streamlines in the former.  
Since X and Y are distinctively located on either side of the dividing streamline, the 
trajectories of these cells are expected to follow the streamlines that extend from the 
parent vessel into the respective downstream vessels.  It should be noted that these cells 
could be deflected towards the wall of the parent vessel as they approach the adjoining 
sections of the parent vessel and the downstream vessels due to the curvature of these 
streamlines.  Such migration pattern of the cells would tend to reduce the layer width near 
the bifurcation in the parent vessel which was observed in the present study at a 
longitudinal distance of 0.5D – 0.0D from the bifurcation (Figs. 5.1.2A and 5.1.2C).  The 
extent of this effect seemed dependent on the degree of curvature of the streamline which 
can be approximated by the bending angle (α or β) of the downstream vessel with respect 
to the parent vessel (see Fig. 5.1.7).  A more pronounced reduction of the layer width was 
found in the parent vessel at its adjacent than opposite wall since for the downstream 
vessels examined in this study, the bending angle was consistently larger with the side 
branch (α = 46 ± 21º) than the larger daughter vessel (β = 22 ± 26º).  On the other hand, 
since Z falls astride the dividing streamline, it would tend to migrate into the downstream 
vessel (i.e. larger daughter vessel) with the higher flow velocity (50).  Thus, the 
downstream position of this cell (Z') would be relatively close to the adjacent wall of the 





impede the layer formation at the adjacent wall of the larger daughter vessel, which can be 
found in Fig. 5.1.2D.  However, the layer formation at the opposite wall of the larger 
daughter vessel (Fig. 5.1.2B) is less likely to be affected by the preferential redistribution 
of red blood cells at the bifurcation as compared to its adjacent wall since blood flow near 
its opposite wall constitutes mainly of plasma from the layer at the opposite wall of the 
parent vessel.  Furthermore, as shown in Fig. 5.1.4, a thicker cell-free layer at the wall of 
the parent vessel could enhance the extent of the layer formation in the downstream vessel 
which is somehow expected since the thicker plasma layer would lead to a lower feed 
hematocrit and thus more prominent layer formation in the downstream vessel.   
 
Figure 5.1.7: Streamlines of homogeneous plasma flow at an arteriolar bifurcation.  The 
trajectories of three individual cells (X → X', Y → Y' and Z → Z') travelling along the 
streamlines are considered.  The dashed line denotes the dividing streamline where flow 
separates between downstream vessels.  α and β represent the respective bending angles of 




























(b) Asymmetry of the layer formation on opposite sides of downstream vessel 
As discussed above, an asymmetry of cell-free layer formation can be developed on 
opposite sides of the larger daughter vessel which is characterized by a lower extent of the 
layer formation at its adjacent than opposite wall.  Such asymmetry along this downstream 
vessel may be dependent on the net effect of radial migration forces acting on the 
outermost cells of the blood core as well as the flow pattern near the bifurcation in the 
parent vessel.  Rheological forces (i.e. aggregates formation) that enhance axial migration 
of the red blood cells are likely to promote symmetry recovery.  However, for the red 
blood cell aggregation to enhance the cellular migration, shear forces exerted by flow in 
the vessel should be sufficiently small.  Since large shear forces were present in this study, 
we expect no significant symmetry restoration of the layer widths in the downstream 
vessel which can be seen in Fig. 5.1.5B. 
In addition, a longer inter-bifurcation distance (distance from one arteriolar branch 
point to the other downstream) would promote greater symmetry restoration of the layer 
widths when the axial migration force is dominant (25, 27).  For the rat cremaster muscles 
examined here, as shown in Fig. 5.1.8, the interbifurcation distance varied between 172 
and 663 µm for vessels of 12.5 – 104 µm ID.  The mean interbifurcation distance-to-
diameter ratio was ~9:1 which was larger than that (~5:1) reported for arterioles (~27 µm 
ID) in the hamster cremaster muscle (79) but considerably smaller than those (47:1 - 67:1) 
found for arterioles (12.4 – 31.3 µm ID) in the rat mesentery (98).  It should be noted that 
significant symmetry recovery of the layer widths was not found in the larger daughter 
vessel which could be limited by the longitudinal distance of 2.0D examined for the cell-
free layer formation in the present study.  On the other hand, the mean interbifurcation 





to the symmetry recovery of the layer widths along the larger daughter vessel prior to the 
downstream bifurcation which can be inferred from the lower asymmetries of the layer 
widths in the parent vessel. 
 
Figure 5.1.8: Relation of interbifurcation distance and arteriole diameter.  The solid line 
(y = -5.38x + 105, R
2
 = 0.46) represents the linear regression curve fit of the data.   
 
(c) Relationship between fractions of volume flow and the layer formation in side branch 
The present study examines how heterogeneity in blood flow distribution from the 
parent vessel to its downstream vessels can affect the relation between the extents of cell-
free layer formation in the latter.  It has been well established in previous studies (26, 50) 
that red blood cells prefer to enter the downstream vessel with a larger volume flow 
fraction from the upstream vessel.  Furthermore, experimental studies (104, 138, 156) 
have shown that the extent of the layer formation in a microvessel varies inversely with 
the feed hematocrit into the vessel.  Therefore, one would expect the extent of the layer 
formation in the side branch to decrease relative to that in the larger daughter vessel with 
increasing fraction of volume flow into the former.  As confirmed in the present study 
(Fig. 5.1.6), the discrepancy marked by a thicker normalized mean layer width in the side 
































branch than larger daughter vessel            decreased with increasing fraction of the 
volume flow in the former.   
 
(d) Conclusion 
The partitioning of blood flow at an arteriolar bifurcation could result in spatial 
variations of cell-free layer formation in the arterioles.  The asymmetries of the layer 
widths on opposite sides of the downstream arteriole were significantly greater than those 
in the upstream arteriole.  The extent of the layer formation was prominently enhanced 
along the adjacent wall of the downstream vessel but not at its opposite wall.  A positive 
correlation was found in the extent of the layer formation between the upstream vessel and 
its downstream vessels.  The fraction of the layer formation in the downstream vessels 
















In this study, we tested the hypothesis that the symmetry recovery of the layer widths 
on opposite sides of the downstream vessel at an arteriolar bifurcation can be enhanced by 
red blood cell aggregation in reduced flow conditions.  Since an intensified level of red 
blood cell aggregation could potentially enhance plasma skimming at the bifurcation by 
promoting aggregates formation, we also investigated if the layer has a greater tendency to 
form in the smaller downstream vessel after aggregation induction in reduced flow 
conditions.  The experiments were conducted under non-aggregating, physiological 
normal-aggregating and pathological hyper-aggregating conditions at reduced arterial 
pressure conditions. 
 
5.2.2. Materials and Methods 
(a) Animal preparation, experimental setup, rheological and physiological measurements 
and aggregation level adjustments 
A total of twelve male Sprague-Dawley rats weighing 213 ± 15 g were utilized in this 
study.  All animal handling and care procedures were in accordance with the National 
University of Singapore Guidelines and Ethics on Animal Experimentation.  Detailed 
information on cremaster muscle preparation, experimental setup, rheological 





arterial pressure as well as physiological and pathological adjustments of red blood cell 
aggregation level were described in chapters 3, 4.1 and 4.2 and the reader is to refer to 
them for more information.   
 
Figure 5.2.1: Schematic diagram of a typical arteriolar bifurcation with location of the 
analysis lines used for cell-free layer width determination in the parent vessel (p), larger 
daughter vessel (ldv) and side branch (sb).  Dx is the diameter of the vessel measured at 
0.0Dx, where the subscript, x, is the abbreviation of the vessel under consideration.  The 
closed circles indicate radial positions of the interface between the cell-free layer and 
blood core near the adjacent wall at the five analysis line locations.  The solid line passing 
through these circles is the least-squares linear regression fit (y = ax + b) whose slope (a) 
describes the rate of the layer formation.  
 
(b) Experimental protocol 
An arterial blood sample was initially withdrawn from the femoral artery to measure 
both hematocrit and aggregation levels.  The selection criteria of the arteriolar bifurcation 
and the optical system used for arteriolar flow visualization were the same as described in 
chapter 5.1.  The flow rate in the arterioles was mitigated by reducing the arterial pressure 










































cuff around the abdominal aorta using an air-filled syringe which was then maintained by 
manual adjustment.  For each vessel, a total of 3000 frames were obtained during a video 
recording time of 1 s.  After the arteriolar flow recording was completed, the cuff pressure 
was released for the arterial pressure to return to and stabilize in the normal pressure range.  
The entire protocol was repeated after the infusion of Dextran 500 to elevate the red blood 
cell aggregation to either normal or hyper level.  
 
(c) Cell-free layer width determination around an arteriolar branch point  
Technical descriptions of the Grayscale method used for cell-free layer width 
determination can be referred to chapter 3.  The location of the analysis lines for the layer 
width measurements around the arteriolar bifurcation follows that in chapter 5.1 and a 
typical example is further shown here in Fig. 5.2.1.  
 
(d) Cellular velocity, pseudoshear rate and volume flow rate  
The centerline velocity (Vc) and edge velocity of blood core (Vedge) were obtained based 
on the same approach described in chapter 4.2.  Mean cellular velocity ( ) was 
approximated from Vc with a correction factor of 1.6 as follows:    Vc /1.6.  The 
pseudoshear rate     was determined using the relation:          where    is the mean 
vessel diameter obtained by taking the average of diameters determined at all the five 
analysis line locations along the vessel.  Volume flow rate ( ) in the vessel was 
approximated using the equation:            







(e) Rate of the layer formation in downstream vessel 
The asymmetry of the layer widths on opposite sides of the vessel at a given 
longitudinal distance from the bifurcation was quantified by Eq. (5.1.1).  The rate of cell-
free layer formation on either side of the larger daughter vessel was determined by fitting 
a linear regression curve through data points of normalized mean layer width for all the 
analysis line locations (0.0D, 0.5D, 1.0D, 1.5D and 2.0D) along the vessel (see Fig. 5.2.1).  
Thereafter, the formation rate was quantified by the slope (a) of this fit which indicates the 
change in normalized mean layer width with distance from the bifurcation.  A positive or 
negative slope denotes an increase or decrease in normalized mean layer width 
downstream from the bifurcation.  Thus, a larger positive slope implies a faster formation 
rate of the cell-free layer. 
 
(f) Statistical analysis and data presentation 
Statistical analyses including regression fits and 95% confidence intervals of the 
experimental data were performed using a statistical software package (Prism 4.0, 
Graphpad).  Paired t-tests were used to determine the statistical significance of differences 
in the layer width characteristics between opposite sides of the vessel at a particular 
longitudinal location or between two spatial locations along the same side of the vessel.  
The one-way ANOVA test and post Bonferroni multiple comparison tests were utilized to 
determine the statistical significance of differences in the layer width characteristics 
between the three aggregating conditions.  All physiological and rheological data are 
reported as means ± SD unless otherwise specified.  For all statistical tests and regression 






(a) Physiological and rheological parameters   
The hematocrits were 47.0 ± 2.5%, 45.4 ± 2.8% and 46.4 ± 2.3% while the levels of 
aggregation in terms of the M indexes were 0.0, 13.3 ± 2.5 and 23.0 ± 3.4 for the non-
aggregating, normal-aggregating and hyper-aggregating rats, respectively.  These indexes 
in the normal-aggregating and hyper-aggregating conditions were in the range of those 
found in healthy (97, 167) and pathological (30, 80)  human blood.  Mean reduced arterial 
pressures were 62.2 ± 5.6, 61.8 ± 5.7 and 60.2 ± 6.4 mmHg for the non-aggregating, 
normal-aggregating and hyper-aggregating conditions, respectively.  Both hematocrits and 
mean arterial pressures did not significantly vary between the different aggregating 
conditions.  The mean    in the parent vessel were 77.1 ± 14.1, 77.1 ± 13.5 and 67.9 ± 13.5 
s
-1
 for the non-aggregating, normal-aggregating and hyper-aggregating groups, 
respectively with no significant differences. 
 
(b) Spatial and temporal variations in the cell-free layer formation around the bifurcation 
Figure 5.2.2 reveals the spatial variations in normalized mean layer width at both the 
adjacent and opposite walls of the parent vessel and larger daughter vessel.  Normalized 
mean widths in the parent vessel and larger daughter vessel for the different aggregating 
conditions are presented in Table E.2-1 (Appendix E).  To describe the trend of the 
variation in normalized mean width along each side of the parent vessel away from the 
bifurcation, separate linear regression curves were used to fit data points depicting 
normalized mean widths from 2.0D to 0.5D and from 0.5D to 0.0D so that the decrease in 
normalized mean width from 0.5D to 0.0D can be distinguishable.  Accordingly, 





35.3% were observed at a longitudinal distance of 0.5D – 0.0D from the bifurcation at its 
adjacent and opposite walls, respectively for the different aggregating conditions (see 
Figs. 5.2.2A & 5.2.2C and Table E.2-1).  On the other hand, no apparent variation of 
normalized mean width was found at upstream distances (0.5D – 2.0D) farther from the 
bifurcation.   
 
Figure 5.2.2: Spatial variations of normalized mean layer width in the (A & C) parent 
vessel and (B & D) larger daughter vessel.  ,  and  represent the curve 
fits for the non-aggregating, normal-aggregating and hyper-aggregating conditions, 
respectively.   
 
The extent of layer formation at the opposite wall of the parent vessel appeared to be 
more prominently enhanced by hyper levels of aggregation induction farther from the 
bifurcation since significantly larger (P < 0.05) magnitudes of normalized mean width in 
the hyper-aggregating condition than non-aggregating condition were found at upstream 
distances of 2.0D, 1.5D and 1.0D away from the bifurcation but not at distances of 0.5D 


































































positions along the opposite wall was augmented with the aggregation level (15.3% → 
16.2% → 18.8% for non-aggregation → normal-aggregation → hyper-aggregation).  On 
the contrary, no significant effect of aggregation on normalized mean widths was observed 
at the adjacent wall of the parent vessel.   
The variation in the extent of cell-free layer formation in the larger daughter vessel 
with distance from the bifurcation was described by the linear regression curve fit of data 
points depicting the normalized mean layer widths along each side of the vessel (see Figs. 
5.2.2B and 5.2.2D).  A significant increase (P < 0.05) in the normalized mean width was 
found at its adjacent wall only under hyper-aggregating conditions.  On the contrary, 
normalized mean width at the opposite wall did not vary significantly with longitudinal 
distance from the bifurcation in all aggregating conditions since the slopes of their 
regression fits were not significantly different from zero.  The averaged magnitude of 
normalized mean widths at all five longitudinal locations examined were found to be 
significantly larger at the opposite wall of the larger daughter vessel as compared to its 
adjacent wall under non-aggregating (P < 0.005), normal-aggregating (P < 0.005) and 
hyper-aggregating (P < 0.005) conditions.  Similar to that of the parent vessel, normalized 
mean widths in the larger daughter vessel were significantly larger in the hyper-
aggregating (P < 0.05) condition as compared to the non-aggregating condition at its 
opposite wall at distances further away from the bifurcation (0.5D, 1.0D, 1.5D and 2.0D).  
However, unlike the parent vessel, a significant effect (P < 0.05) of hyper-aggregation was 
also observed at the adjacent wall of the larger daughter vessel sufficiently downstream of 
the bifurcation at a longitudinal distance of 2.0D.  The averaged magnitude of normalized 





significantly larger in the normal-aggregating (P < 0.05) and hyper-aggregating (P < 0.05) 
conditions than in the non-aggregating condition. 
 
Figure 5.2.3: Normalized SD (Temporal variations) of layer width in the (A & C) parent 
vessel and (B & D) larger daughter vessel.  ,  and  represent the curve 
fits for the non-aggregating, normal-aggregating and hyper-aggregating conditions, 
respectively. 
 
As shown in Fig. 5.2.3, in both the parent vessel and larger daughter vessel, the slope 
of the linear regression curve fit of data points representing normalized SD of the layer 
widths along each side of the vessel did not deviate significantly from zero in all 
aggregating conditions, indicating no significant change in the temporal layer width 
variability with distance away from the bifurcation.  In addition, normalized SD of the 
layer widths at all the five longitudinal locations was significantly larger in the normal-
aggregation and hyper-aggregation conditions than in the non-aggregating condition at the 
opposite wall of the larger daughter vessel but not at its adjacent wall (see Table E.2-2 
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found between opposite sides of the parent vessel in all aggregating conditions.  
Conversely, in the larger daughter vessel, the averaged magnitude of normalized SD of the 
layer widths at all the five longitudinal locations was significantly larger at the opposite 
than adjacent wall in the non-aggregating (P < 0.05), normal-aggregating (P < 0.001) and 
hyper-aggregating (P < 0.05) conditions.   
 
(c) Asymmetry of the layer formation on opposite sides of the arteriole 
Figure 5.2.4A shows the presence of large mean asymmetries of the layer widths on 
opposite sides of the larger daughter vessel at a longitudinal distance of 0.0D away from 
the bifurcation in the non-aggregating (-35.7%), normal-aggregating (-43.5%) and hyper-
aggregating (-60.2%) conditions.  The negative magnitudes of mean asymmetry would 
imply a smaller layer width at the adjacent than opposite wall in all conditions.  The trend 
of the change in mean asymmetry with longitudinal distance from the bifurcation was 
described based on linear regression.  The positive slopes of the regression fits, with the 
mean asymmetries trending towards zero, indicated that the initial large disparities of the 
layer widths resulting from flow partitioning were attenuated downstream along the 
vessel.  The rate of this symmetry recovery, as deduced from the slope of the regression 
fit, was observed to be greater for the hyper-aggregating condition (18.6) than normal-
aggregating (7.9) and non-aggregating (6.4) conditions although statistical significance (P 
< 0.05) of the slope was found only with hyper-aggregation.  Consequently, at a 
longitudinal distance of 2.0D away from the bifurcation, the asymmetry degree of the 
layer widths seen in the hyper-aggregating (-22.9%) and normal-aggregating (-27.7%) 






Figure 5.2.4: A & B: Asymmetry of normalized mean layer widths on opposite sides of 
the vessel within a longitudinal distance of 2.0D from the bifurcation in the larger 
daughter vessel and parent vessel, respectively.  The dotted line at y = 0 depicts zero 
asymmetry.  The individual lines represent the least-squares linear regression curve fits of 
the data for the different aggregating conditions.  A significant positive (P < 0.05) slope 
of the regression fit (y = 18.6x – 60.2; R2 = 0.81) is obtained only with hyper-aggregation 
in the larger daughter vessel.   
 
When the same analysis was performed in the parent vessel (Fig. 5.2.4B), the slopes 
obtained from the linear regression analyses in all aggregating conditions (-2.7, 1.3 and 
0.2 for the non-aggregating, normal-aggregating and hyper-aggregating conditions, 
respectively) were found to be comparatively smaller than those (6.4, 7.9 and 18.6) 
derived from the larger daughter vessel.  In general, these slopes were not significantly 
different from zero, suggesting an equilibrium state of the layer width symmetry in the 
parent vessel within a longitudinal distance of 2.0D from the bifurcation, irrespective of 
the aggregation extent.  In addition, both the slopes and y-intercepts of the regression fits 
did not vary significantly between the different aggregating conditions, implying no 
considerable effect of aggregation on the layer width symmetry in the parent vessel.  The 
mean asymmetries of normalized mean layer widths at all five longitudinal locations in 
the parent vessel were then averaged for each aggregating condition.  As expected, the 
averaged magnitudes of mean asymmetries for the different aggregating conditions (-


































































1.2%, 2.0% and -3.2% for non-aggregating, normal-aggregating and hyper-aggregating 
conditions, respectively) were all very close to zero unlike the case (-29.4%, -35.6% and -
41.6%) found in the larger daughter vessel.   
 
(d) Relation between the layer formation in upstream and downstream vessels 
As shown in Fig. 5.2.5A, a significant (P < 0.0001) positive correlation was obtained 
between normalized mean layer widths           and              at the adjoining opposite 
walls of the parent vessel and larger daughter vessel.  This relation was represented by the 
linear regression curve fit of combined data from the different aggregating conditions 
since no significant effect of aggregation was found.                       were derived 
by averaging normalized mean layer widths at all five longitudinal locations (0.0D, 0.5D, 
1.0D, 1.5D and 2.0D) along the opposite wall of the parent vessel and larger daughter 
vessel, respectively. 
Figure 5.2.5B shows the relation between the proportion of total normalized mean 
layer width in the parent vessel found at its adjacent wall           and the proportion of 
total normalized mean layer width in the downstream vessels constituted by the side 
branch (     .  Both        and     were derived using Eqs. (5.2.1) and (5.2.2): 
                                                                                                                             
where          is the averaged magnitude of normalized mean widths measured at all five 
longitudinal locations at the adjacent wall of the parent vessel while        is described in 
Fig. 5.2.5A.   
                                                                                                                                   





all five longitudinal locations along both walls of the side branch and larger daughter 
vessel, respectively.   
Similar to Fig. 5.2.5A, since no significant effect of aggregation was found on this 
relation, the combined data from the different aggregating conditions were used for the 
linear regression fit.  A significant positive correlation (P < 0.001) was found between 
        and      , indicating that a greater proportion of the layer formation in the parent 
vessel at its adjacent wall could lead to an enhanced proportion of downstream layer 
formation in the side branch.   
 
Figure 5.2.5: A: Relation between normalized mean layer widths           and              at 
the opposite walls of the parent vessel and larger daughter vessel.  The linear regression fit 
(y = 0.97x + 2.7; R
2
 = 0.33) of the combined data shows a significant (P < 0.0001) positive 
correlation.  B: Relation between fractional normalized mean layer widths at the adjacent 
wall of the parent vessel (       ) and in the side branch (     .  The linear regression fit 
(y = 0.76x + 21.3; R
2
 = 0.28) of the combined data shows a significant (P < 0.001) positive 
correlation.  The dashed lines indicate the 95% confidence band of each regression line. 
 
(e) Relationship between fractions of volume flow and the layer formation in side branch 
As shown in Fig. 5.2.6, linear regression was used to curve fit data points depicting the 
relation between fractions of normalized mean layer width        and volume flow        
in the side branch.      was calculated using Eq. (5.2.2) while      was derived using the 










































relation:                       where      and     are the volume flow rates in the 
larger daughter vessel and side branch, respectively.  A statistically significant (P < 0.05) 
negative slope was associated with the linear regression fit in all aggregating conditions, 
indicating that the fraction of total layer formation in the downstream vessels constituted 
by the side branch generally decreased with increasing volume flow fraction in the side 
branch.   
 
Figure 5.2.6: Relationship between fractions of normalized mean layer width (      and 
volume flow (      in the side branch.  , and  represent the least-squares 
linear regression fit for the non-aggregating (y = -0.35x + 0.64, R
2
 = 0.27), normal-
aggregating (y = -0.61x + 0.77, R
2
 = 0.66) and hyper-aggregating (y = -0.62x + 0.80, R
2
 = 
0.46) conditions, respectively. 
However, the y-intercept but not the slope of the regression fit was significantly larger 
in the hyper-aggregating condition than in the normal-aggregating (P < 0.05) and non-
aggregating (P < 0.005) conditions.  Thus, the fraction of the extent of downstream layer 
formation in the side branch was consistently greater in the hyper-aggregating condition as 
compared to the other two aggregating conditions within the same range of volume flow 
fraction in the side branch (               , implying that the layer has a greater 
tendency to form in the side branch under hyper-aggregating condition.  The intercept of 




















the regression fit with the dotted horizontal line in Fig. 5.2.6 representing     = 0.5 gives 
the magnitude of      at which normalized mean layer widths in the downstream vessels 
are equal.  This intercept was found to be 0.40 with the non-aggregating condition and 
increased to 0.44 and 0.48 with the normal-aggregating and hyper-aggregating conditions, 
respectively. 
 
(f) Rate of the layer formation in downstream vessel 
The rate of the layer formation was plotted as a function of       on either side of the 
vessel, as shown in Fig. 5.2.7.  The concept of       was employed in this analysis.  The 
formation of the cell-free layer near the vessel wall would be more directly dependent on 
changes in edge velocity of the blood core than its mean velocity and in this study, the 
layer formations at both the adjacent and opposite walls of the larger daughter vessel were 
individually analyzed.  Thus, use of       would be more appropriate in describing the 
relation between the rate of the layer formation and flow condition.  Linear regression was 
used to curve fit combined data from both the adjacent and opposite walls of the vessel in 
each aggregating condition since no significant difference in this relation was found 
between both walls of the vessel in all aggregating conditions.   
Accordingly, no significant relation between the rate of the layer formation and       
was found in the non-aggregating (Fig. 5.2.7A) and normal-aggregating (Fig. 5.2.7B) 
conditions whereas a significant (P < 0.005) increase in the formation rate was obtained 
with decreasing       in the hyper-aggregating condition (Fig. 5.2.7C).  Since the range of 
      (0.40 – 2.19 mm/s) at the adjacent wall were smaller in magnitudes as compared to 





overall mean rate of the layer formation for all vessels in this aggregating condition was 
found to be greater at the adjacent (3.6 %/D) than opposite wall (1.6).  In addition, when 
compared to the hyper-aggregating condition, the mean rates of the layer formation at both 
the adjacent and opposite walls of the vessel were lower in the normal-aggregating (1.6 
and 1.4) and non-aggregating (0.4 and -1.3) conditions although it should be noted that the 
formation rates were similarly larger in magnitude at the adjacent than opposite wall. 
 
Figure 5.2.7: A, B & C: Relation between the rate of the cell-free layer formation and 
      in the larger daughter vessel at its adjacent and opposite walls for non-aggregating, 
normal-aggregating and hyper-aggregating conditions, respectively.  Combined linear 
regression fit shows a significant increase (P < 0.005) in the rate of the layer formation 
with decreasing       only with hyper-aggregation (y = -2.76x + 6.3; R
2
 = 0.36). 




















































(a) Principal findings 
The hyper-aggregation induction of red blood cells at reduced flow conditions can 
enhance symmetry recovery of the layer widths on opposite sides of the downstream 
vessel at an arteriolar bifurcation.  This could be attributed to the augmentation of the cell-
free layer formation rate in the downstream vessel by the aggregation induction which was 
more pronounced at its adjacent than opposite wall, which compensated for the greater 
initial asymmetry of the layer formation seen in the hyper-aggregating condition.  A 
greater tendency for the cell-free layer to form in the smaller downstream vessel was also 
found after hyper-aggregation induction. 
 
(b) Spatial and temporal variations in the layer formation around the bifurcation 
In our previous study, we reported that cell-free layer formation was impeded by 
~2.5% – 22.0% in the upstream vessel close to the bifurcation (0.5D – 0.0D) at 
physiological normal flow conditions.  As shown in the present study, this effect seemed 
to be enhanced with pathological flow reduction since a greater attenuation (~25.9% – 
35.3%) of the layer width was observed for all aggregating conditions.  In addition, in the 
reduced flow condition, the aggregation effect on the layer formation seemed to become 
blunted on the side of the parent vessel (i.e. at its adjacent wall) from which blood flow 
was being diverted into a smaller downstream vessel (i.e. side branch).  On the contrary, 
the aggregation effect prevailed at its opposite wall where blood flow near the wall is less 
likely to be affected by the flow separation of red blood cells at the bifurcation.  It is of 





hyper-aggregation was diminished as the layer formation became attenuated with 
distances closer to the bifurcation (0.5D and 0.0D).   
The frequent protrusions of red blood cells into the cell-free layer can produce a highly 
dynamic and irregular interface between the red blood cell core and cell-free layer (146), 
giving rise to temporal variations in the layer width.  The interactive forces acting on the 
red blood cells could be enhanced after hyper-aggregation induction due to aggregates 
formation, resulting in larger temporal variations of the layer width seen in the larger 
daughter vessel but this effect would be limited to its opposite wall that is less subjected to 
the flow separation effects according to the present study (Fig. 5.2.3).  This finding was 
consistent with that reported in unbranched arterioles (15 – 60 µm) in the network in 
chapter 4.2 where a significant increase (P < 0.002) in the temporal variations of the layer 
width was observed after hyper-aggregation induction at reduced flow rates (57.3 ± 45.8 s
-
1
).  In addition, the normalized SD of the layer widths appeared to positively correlate 
with its normalized mean in the larger daughter vessel since larger normalized SD (Figs. 
5.2.3B and 5.2.3D) was found together with larger normalized mean of the layer widths 
(Figs. 5.2.2B and 5.2.2D) at its opposite wall as opposed to its adjacent wall in all 
aggregating conditions.  This finding was also in agreement with that obtained in the 
unbranched arterioles (ID = 20 – 60 µm) where a significant positive correlation (P < 
0.005) had been found between the mean and SD of the layer widths at reduced flow 
conditions (105.2 ± 27.3 s
-1
) independent of aggregation (115).  
 
(c) Asymmetry of the layer formation on opposite sides of the arteriole 
The large asymmetries of the layer widths in the downstream vessel of the arteriolar 





hematocrit profiles in the downstream vessel derived from the theoretical two-phase 
modeling of blood flow at a diverging bifurcation (25, 27, 124).   
The rheological properties of blood flow in the downstream vessel such as geometrical 
and flow properties could influence the characteristics of the layer formation downstream 
along the vessel.  These factors determine the residence time of red blood cells in the 
vessel segment during their longitudinal transit from one arteriolar branch point to the 
other (interbifurcation distance).  Sufficient residence time would be desirable for axial 
migration of the red blood cells to restore the parity of the layer widths between opposite 
sides of the vessel.  As further suggested by the present study, the enhanced tendency for 
red blood cell aggregates to form in the flow stream under hyper-aggregating conditions 
could promote axial migration of the red blood cells in the vessel segment which enables 
the red blood cell core to more quickly adjust from an initial off-axissymmetrical position 
immediately after the bifurcation to a more axissymmetrical one further downstream.  
Therefore, although a larger initial asymmetry of the layer widths was found in the 
downstream vessel in the hyper-aggregating condition than non-aggregating and normal-
aggregating conditions due to considerably thicker layer at the opposite than adjacent wall 
in the former condition, such a discrepancy became diminished sufficiently downstream of 
the bifurcation as shown in this study (Fig. 5.2.4A).   
The dominant mechanisms involved in the symmetry recovery of the layer widths 
along the vessel could be dependent on the local flow conditions.  At normal flow 
conditions, axial migration of the red blood cells at the edge of the blood core occurs 
predominantly through the tank-treading motion of their flexible membranes and 
therefore, the cellular deformability together with the longitudinal distance in which the 





determinants of the symmetry recovery.  On the other hand, under reduced flow 
conditions, the synergistic effects of red blood cell aggregation and low flow rates on the 
axial migration of red blood cells could play a more critical role in promoting the 
symmetry recovery.  
In this study, the red blood cell aggregation effect on the symmetry recovery of the 
layer widths was seen only in the downstream vessel but not in the upstream vessel (Figs 
5.2.4A and 5.2.4B).  Therefore, it remains to be investigated if the length of the 
downstream vessel segment could affect the extent of physiological effects associated with 
the enhanced symmetry recovery elicited by aggregation, especially since layer width 
symmetries seem less likely to achieve equilibrium in shorter vessel segments. 
The existence of large asymmetries of the layer widths prior to a bifurcation could 
have important downstream functional consequences.  One possible effect is enhanced 
plasma skimming at the bifurcation which can be inferred from the positive correlation 
found between the proportion of the layer formation in the parent vessel on its side 
adjacent to the side branch and the fraction of downstream layer formation in the side 
branch (Fig. 5.2.5B).  Furthermore, this phenomenon could adversely reduce the number 
of downstream functional capillaries if it were to successively take place in the distal 
portion of the arteriolar vasculature.   
 
(d) Plasma skimming effect on heterogeneity in the layer formation between downstream 
vessels 
Although flow resistance in an arteriole could be reduced by an improved symmetry 
recovery of the layer widths on opposite sides of the vessel with hyper-aggregation, this 





enhanced plasma skimming effect which can be inferred from the greater tendency of the 
layer to form in the side branch under hyper-aggregating condition (Fig. 5.2.6).  A 
possible underlying mechanism for this effect is the augmentation of the effective particle 
size in the flow stream through the formation of larger red blood cell aggregates (113).  
Red blood cells would then have to expend more energy in order to move into the smaller 
downstream vessel at the bifurcation, rendering it energetically more favorable for the 
cells to enter the larger downstream vessel instead.  The impact of particle size on red 
blood cells distribution at the bifurcation could also be interpreted by the particle 
Reynolds number (Rep) (46).  At sufficiently large Rep (> 3), there could be a greater 
tendency for the cells to shift from their initial to new streamlines due to the prevailing 
inertia forces.  Neglecting the formation of red blood cell aggregates, the inertial forces 
are unlikely to be dominant in the microcirculation since the Rep is typically < 1.  
However, as Rep varies in direct proportion with the particle size, it is inevitable that Rep 
can be augmented by aggregates formation especially under hyper-aggregating conditions.  
This would increase the likelihood for the cells to enter into the larger downstream vessel 
(i.e. larger daughter vessel) with a higher flow fraction which would simultaneously 
decrease the number of the cells entering the other smaller downstream vessel (i.e. side 
branch), resulting in an enhanced tendency for the layer to form in the smaller vessel.  
Consequently as expected, to maintain the equilibrium of the layer formation observed in 
the downstream vessels in the absence of aggregation, a larger fraction of flow into the 
side branch would be required to move the red blood cells in the form of aggregates into 
this vessel.  Indeed, as shown in Fig. 5.2.6, a greater fraction of volume flow into the side 
branch is required to maintain an equal extent of the layer formation in the downstream 





Several studies (55, 119, 122) have also identified the extent of the layer formation at 
the wall of the parent vessel as an important determinant of the degree of plasma 
skimming at the bifurcation.  A greater disproportionality in the red blood cells 
distribution between downstream vessels was found with more prominent layer formation 
in the upstream vessel after aggregation induction, resulting in the formation of a thicker 
plasma layer in the outlet blood flow of the peripheral tubes than the central tube at the 
bifurcation (51, 119).  However, this effect may contribute less importantly to current 
findings of the greater tendency for the layer to form in the side branch under hyper-
aggregating condition compared to normal-aggregating and non-aggregating conditions 
since the aggregation effect on cell-free layer formation appeared to be blunted at the 
adjacent wall of the parent vessel as seen in Fig. 5.2.2C. 
 
(e) Rate of the layer formation in downstream vessel 
A computational study by Popel and coworkers (124) has predicted greater blunting of 
velocity profiles in flow regimes with higher hematocrits in the downstream vessel of a 
diverging bifurcation.  In the present study, blood flow near the adjacent wall of the 
downstream vessel is expected to constitute more cells than that near its opposite wall 
since the former receives flow directly from the central region of the blood core in the 
upstream vessel.  As a result, lower velocities would be associated with flow regimes near 
the adjacent than opposite wall of the downstream vessel.  In line with this hypothesis, 
mean       was generally found to be significantly smaller (P < 0.001) at the adjacent 
than opposite wall of the larger daughter vessel.  Considering the effects of aggregation, 





cause more pronounced lateral movement of red blood cells away from the adjacent than 
opposite wall since the lower flow velocities associated with the former would be more 
favorable for promoting axial migration of the cells by inducing enhanced aggregates 
formation.  Alternatively, preexisting aggregates from flow in the parent vessel close to its 
flow axis are more likely to enter the larger daughter vessel near its adjacent than opposite 
wall, which could also potentially contribute to a greater extent of red blood cell axial 
migration near its adjacent wall.   
The findings (Fig. 5.2.7) in this study appear supportive of the above conjecture since 
higher rates of the layer formation were found in the larger daughter vessel under the 
hyper-aggregating condition as compared to the normal-aggregating and non-aggregating 
conditions and in turn, the formation rate in the hyper-aggregating condition was also 
greater at its adjacent than opposite wall.  The above highlighted that the enhancement 
effects of red blood cell aggregation on the layer formation in the downstream vessel 
could vary between opposite sides of the vessel due to differences in rheological 
properties (hematocrit and flow), as a result of flow partitioning at the bifurcation.  
Consequently, the higher rate of the layer formation at the adjacent than opposite wall of 
the downstream vessel under hyper-aggregating condition could promote symmetry 
recovery of the layer widths along the vessel by compensating for the large initial 
asymmetry of the layer widths that is characterized by a significantly smaller layer width 









6. STAGE III: MODULATION OF NO BIOAVAILABILITY BY TEMPORAL 
VARIATIONS OF THE CELL-FREE LAYER WIDTH IN ARTERIOLES: 
EFFECTS OF ERYTHROCYTE AGGREGATION 
 
6.1. Modulation of NO Bioavailability by Temporal Variation of the Cell-Free 
Layer Width in Small Arterioles 
 
6.1.1. Objective 
We hypothesized that temporal variations in the layer width would improve overall 
NO bioavailability in the arteriole predominantly through the transient modulation of 
WSS and NO production.  In this study, a time-dependent computational model on NO 
transport was implemented to test this hypothesis and in vivo temporal data on the layer 
width in arterioles of the rat cremaster muscle were used for the model.  We examined 
how transient changes in physiological responses accompanying the temporal variations in 
the layer width can affect theoretical predictions of NO bioavailability that are based on a 
steady state model.  The latter is defined by a uniform cell-free layer width with constant 
rates of NO scavenging and NO production.  Accordingly, we investigated three different 
cases of the time-dependent model with transient and/or sustained (constant) forms of 







Table 6.1-1: Different cases of the time-dependent model 
 Type of physiological responses 
 NO scavenging rate NO production rate 
CASE I Constant Constant 
CASE II Transient Constant 
CASE III Transient Transient 
 
6.1.2. Materials and Methods 
(a) Experimental data and statistical analysis 
In vivo experimental data on cell-free layer widths and flow parameters in unbranched 
arteriolar segments obtained in chapter 4.1 were used in the present computational study.  
A statistical parameter, coefficient of variation (Cv), was used to describe the temporal 
variability in the cell-free layer width where                             where 
CFLsd is the standard deviation of the layer width and CFLmean is the mean layer width.  
Most of the statistical analyses including regression fits and 95% confidence intervals of 
the experimental data were performed using a statistical software package (Prism 4.0, 
Graphpad).  Two-tailed unpaired t-tests were used to determine differences in responses 
with and without association of temporal variations in the layer width.  All physiological 
and rheological data were reported as means ± SD.  For all statistical tests and regression 
fits, P < 0.05 was regarded statistically significant. 
 
(b) Mathematical model 
A one-dimensional (1-D) transient model was developed to account for NO 





Cartesian coordinate system was used for this purpose since our layer width measurements 
were obtained from a 2-D imaging plane where there is good image contrast between the 
red blood cell core and the background (tissue and plasma).  A four-compartmental model 
of the arteriole (Fig. 6.1.1) was considered which comprises of the blood lumen (LU), 
cell-free layer (CFL), endothelial cell layer (EC) and tissue layer (T).  For simplicity, the 
following assumptions have been made: (1) the mode of NO transport by convection in 
the axial direction of the vessel can be neglected (78), (2) same diffusion coefficients of 
NO in all compartments can be approximated by the diffusivity (D) of NO in water (166), 
(3) a first order reaction rate constant can be used in all compartments except CFL to 
represent loss of NO by various sinks (95, 166) and (4) NO is produced at the luminal (y2) 
and abluminal (y3) surfaces of the endothelial cell layer where its cell membrane is 
infinitesimally thin and is associated with the NO-producing enzymes (eNOS) (166). 
 
Figure 6.1.1: Schematic diagram of the arteriole model in Cartesian coordinates.  Four 
compartments are defined in this model, namely the blood lumen (0 < y < y1), cell-free 
layer (y1 < y < y2), endothelium (y2 < y < y3) and tissue (y3 < y < ∞) regions.  The interface 




















By applying the above assumptions, the time-dependent NO concentration profile in 
the various compartments can be simplified to a general form as described by Eq. (6.1.1) 
     
  
   
      
   
                                                                                                      
CC,NO is the concentration of NO and DC is the diffusion coefficient where the subscript c 
represents the compartment under consideration.  kC,NO is the NO reaction rate constant in 
the compartment where applicable.  Continuity of NO concentration and conservation of 
NO mass apply at the boundaries of all compartments.  In addition, a zero concentration 
gradient boundary condition was imposed at the vessel centerline and far away from the 
vessel. 
The specific NO concentration profile and applied BCs for each compartment is as 
follows:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
(1) LU          
      
  
    
       
   
                                                                                             
BCs:   
                
      
  
                                                                                                               
                                                                                                                                  
where       is the first order reaction rate constant of NO scavenging by red blood cells 





(2) CFL           
       
  
      
        
   
                                                                                                           
BCs:  
                     
       
  
    
      
  
                                                                           
                                                                                                                                
where y2 is the vessel radius and (y2 – y1) depicts the temporal variation of the cell-free 
layer width.  Since red blood cells are absent in this layer, there is no NO sink due to 
scavenging by the cells.  In addition, other reactions (i.e. auto oxidation) were assumed to 
be negligibly slow.    
(3) EC           
      
  
     
       
   
                                                                                             
BCs: 
                            
       
  
    
      
  
                                                       
                          
      
  
   
     
  
                                                               
where       (first order reaction rate constant) describes NO consumption within the 





the vessel centerline and (y3 – y2) is the endothelial cell thickness.                        
represent NO production rates at the luminal and abluminal boundary of the endothelial 
cell layer, respectively.  Equal production rate was assumed at each surface. 
 (4) T          
     
  
    
      
   
                                                                                                   
BCs: 
       
     
  
                                                                                                               
                                                                                                                                
where      is a first order reaction rate constant for NO consumption in the tissue layer.  
y(∞) is assigned to be a thickness of 2500 µm.  It should be noted that the vascular wall 
adjacent to the endothelial cell layer is considered as part of the tissue region, with 
properties homogeneous to that of the tissue.   
 
Model parameters 
(1) Core hematocrit and NO scavenging 
NO scavenging rate in the blood lumen (       was considered to vary with temporal 
changes in the cell-free layer width based on simultaneous changes in core hematocrit 
(Hc).  By applying the mass balance for Hc and systemic hematocrit (HSYS) respectively at 
each discrete time point in a cylindrical tube flow using Eq. (6.1.14), a transient profile in 





(6.1.14), the in vivo experimental data of the HSYS, cell-free layer width, vessel radius and 
centerline flow velocity (Vc) were utilized.  As Chen and coworkers have suggested (29), 
parabolic hematocrit and velocity profiles were used for aggregating blood flow at high 
flow rates.  Detailed equations on the hematocrit and velocity profiles are presented in 
Eqs. (6.1.15) and (6.1.16). 
Mass balance equation: 
               
  
 




Parabolic hematocrit function: 
                                                                                                                              
         
     
      
 
 
                                                                                              
Parabolic velocity function: 





                                                                                                             
A transient profile in NO scavenging rate corresponding to the variation in Hc can then 
be derived using Eq. (6.1.18) (95). 
      
  
        
                                                                                                                  
where kSYS,NO refers to the reference NO scavenging rate by red blood cells defined at 





(2) NO production 
NO production in the endothelium (          or        ) was considered to vary in 
direct proportion to the applied WSS (τw) (77, 78).  The method of τw approximation with 
consideration of temporal variation of the cell-free layer width was provided in our 
previous study (111).  In brief, the shear stress acting at the vessel wall (τw) can be 
estimated by the product of wall shear rate (  ) and plasma viscosity (μp) as shown in Eq. 
(6.1.19).  
                                                                                                                                            
where    can be determined by Eq. (6.1.20), assuming a linear velocity gradient in the 
cell-free layer. 
   
     
        
                                                                                                                               
where Vedge is the edge velocity of the red blood cell core.   Applying Eqs. (6.1.19) and 
(6.1.20) to individual layer widths at discrete time points, a time-varying τw profile can be 
derived.  Experimental data suggest that the rate of NO production increases with the 
shear stress acting on the endothelium (77, 93, 172) and this relation appears to be linear 
(3).  Thus, in this study, the WSS was assumed to vary linearly with NO production as 
shown in Eq. (6.1.21).  A transient profile in NO production rate             can then be 
obtained using Eq. (6.1.21) (78).   
          
  
      





where τw,ref  is defined as the reference WSS that leads to basal rate of NO production 
(qNO,control) at each boundary source.  In the case where red blood cells came into contact 
with the wall (CFL width = 0 µm), τw was assigned as the reference value. 
 
 (3) sGC activation 
The NO concentration in the smooth muscle layer surrounding the endothelium of 
vascular wall is an important determinant of the sGC activity level.  We assumed that the 
smooth muscle layer had a 6-µm thickness and was incorporated as part of the tissue layer, 
adjacent to the endothelium.  Using the averaged NO concentration (CSM,NO) obtained in 
this layer, the NO activation of sGC can be calculated as follows (78): 
                   
       
 
       
 
        
                                                                 
where Km and n are the apparent Michealis constant and Hill coefficient, respectively.   On 
the basis of a previous work (35), Km and n are 23 nM and 1.3, respectively.  Thus, sGC 
activation is assumed to be half maximum (50%) at a CSM,NO of 23 nM.  Table 6.1-2 


























Cell-free layer width  y2 – y1 µm 
Vessel radius  y2 µm 
Edge velocity of blood core Vedge mms
-1
 
Centerline velocity Vc mms
-1
 
Systemic hematocrit  HSYS % 
Endothelial cell width  y3 – y2 2.5 µm (94) 
Tissue layer width  y(∞) – y3 2500 µm ― 
Apparent Michealis constant Km 0.023 µM (78) 














Hill coefficient  N 1.3 ― (78) 
NO scavenging rate at 









NO scavenging rate in tissue  kT,NO 0.1 s
-1
 (95) 
Plasma viscosity  µp 1.2 cP (174) 








The set of linear partial differential equations for time-dependent NO transport in the 
arteriole was solved by the finite difference method.  The first order forward and 
backward Euler and the second order central difference methods were used for spatial 
discretization of both first order and second order spatial derivatives.  As applied to linear 
systems, a numerical solution for the time-dependent problem could be obtained by the 
implicit trapezoidal method for temporal discretization.  A grid with 100 points was used 
for each compartment and could be adjusted accordingly to better define regions with 
steeper concentration gradients.  A larger number of grid points (400, 500 etc) were tested 
to ensure consistency in the solution.  Figure 6.1.2A shows a typical result on how the 
number of grid points could affect the steady state solution of mean peak NO 
concentration in an arteriole (ID = 50 µm).  The NO concentration declined with the 
increasing number of grid points until it reached a plateau for grid points > 50.  Therefore, 
consistency in the solution was ensured since the NO concentration obtained with 100 and 
larger number of grid points did not differ greatly (maximum discrepancy = 2.4%).  It is of 
note that the computation time for convergence of the model rose sharply beyond 100 grid 
points.  A finite distance of 2500 µm was used to simulate an infinite domain.  Larger 
distances (> 3000 µm) were subsequently tested and no appreciable differences in final 
solutions due to under-approximation of the infinite domain were found.  Typical results 
demonstrating the dependence of infinite domain distance on the steady state solution of 
mean peak NO concentration in the same arteriole are shown in Fig. 6.1.2 B.  Although, a 
plateau in NO concentration was reached for an infinite domain distance > 1000 µm, the 
convergence time only decreased to a fairly constant value for an infinite domain distance 





distances were obtained for the time dependent solution of mean peak NO concentration 
(Figs. 6.1.2C and 6.1.2D). 
 
Figure 6.1.2: Dependence of grid spacing and infinite domain distances on steady state 
solutions (A & B) and transient solutions (C & D) of mean peak NO concentrations (●) in 
an arteriole (ID = 50 µm).  The corresponding computation times (○) required to attain 
steady state and transient solutions were displayed on the right axis.  The dashed and solid 
lines described the trends of changes in NO concentration and computation time, 
respectively.     
 
Under circumstances where steady state solutions were desired, the time dependent 
model underwent repeated iterations under a constant layer width until the transient 
behavior in the governing equation disappeared.  Convergence by the iterative method was 
obtained when the residual for each applied governing equation in the respective 
compartments was less than the tolerance level of 10
-6
 which implied 
    
  
   .  
Alternatively, we omitted the time derivative in our governing equation and solve directly 
for the resultant steady state problem using the Successive Over-Relaxation (SOR) 
























































































































































method.  These two approaches produced an identical steady state solution, supporting the 
validity of our numerical methods.  Initial value conditions for this time-dependent 
problem were obtained by first simulating NO concentration profile to steady state based 
on a constant mean magnitude of the cell-free layer width.  The algorithm for the 
numerical solution is provided in Appendix F. 
 
6.1.3. Results  
(a) Physiological and rheological parameters 
Mean arterial pressures and systemic hematocrits for the rats with Dextran 500 infusion 
were 106.9 ± 5.8 mmHg and 38 ± 2%, respectively.  These physiological parameters were 
not significantly different from those before dextran infusion.  Red blood cell aggregation 
index (M) for these rats based on the Myrenne aggregometer at 10-s setting was 11.1 ± 2.8 
after dextran infusion, which was similar to levels reported for healthy humans (96, 167).  
The pseudoshear rate and edge velocity of the red blood cell core in the arterioles were 
291.0 ± 13.7 s
-1
 and 7.00 ± 0.15 mms
-1
, respectively.  Small standard deviations for both 
pseudoshear rate and edge velocity were found.  A total of 10 arterioles of similar 
diameters (ID = 48.4 ± 1.8 µm) were used for this computational study.  
 
(b) Simulation results 
Figure 6.1.3 shows the simulation results on the change in mean peak NO 
concentration in an arteriole (ID = 47.8 µm) with consideration of temporal variations in 
the cell-free layer width (CASE III).  Peak NO concentration was initially maintained at a 





assumed to have a constant width.  When the physiological responses were introduced into 
the transient model (0.5 – 1.5 s), an apparent increase in mean peak NO concentration 
(Mean Peak NONSS) to 159.5 nM was obtained.  This result clearly demonstrates that 
temporal variation of the layer width is capable of enhancing NO bioavailability in the 
arterioles.  The change in mean peak NO concentrations (∆Mean Peak NO) with 
consideration of temporal variation of the layer width can be quantified as follows:          
                 
                            
             
                            
 
Figure 6.1.3: Simulated peak NO concentration profile in an arteriole (ID = 47.8 µm) in 
response to temporal changes in the cell-free layer width.  Mean Peak NOSS and Mean 
Peak NONSS denote the averaged peak NO concentration based on a constant layer width 
(0 to 0.5 s) and a varying layer width (0.5 to 1.5 s), respectively.  ∆+ corresponds to an 
overall increase in mean peak NO concentration. 
 
(c) Effects of layer width variability on NO bioavailability 
The cell-free layer variability (Cv) in the arterioles had a mean magnitude of 43.7 ± 
12.2%, suggesting that large differences in temporal variability of the layer width can exist 
in arteriolar blood flow of similar diameter vessels.  For both CASE I and CASE II, 
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magnitudes associated with              shown in Eq. (6.1.23) were negative and a 
decrease in              was found as Cv was enhanced (Fig. 6.1.4).  A linear 
regression curve fit was used for combined data of CASE I and CASE II since no 
significant difference (T = 0.25; P = 0.80) was found between these two cases.  With 
reference to this regression fit, the attenuation of mean peak NO concentration increased 
approximately from 1.6% to 6.6% as Cv was augmented from 24.6% to 63.8%.  When 
transient changes in NO production elicited by a time-varying WSS profile was 
considered (CASE III),              values became positive, as NO concentration 
was significantly enhanced (T = 4.08; P = 0.0035) as compared to the case without the 
layer variability (Fig. 6.1.5).  The positive slope of the linear regression trendline suggests 
that this augmentative effect may become more pronounced with larger temporal 
variations in the layer width. 
 
Figure 6.1.4: Relationship between Cv and ∆Mean Peak NO for CASE I and CASE II.  
The solid line represents a linear regression fit (y = -0.13x + 1.65; R
2
 = 0.76) for the 
combined group of CASE I and CASE II.  The dashed lines indicate the 95% confidence 
band of the regression line. 



























Figure 6.1.5: Effect of Cv on ∆Mean Peak NO for CASE III.  The solid line represents a 
linear regression fit (y = 0.40x – 4.56; R2 = 0.68) that describes this effect.   
 
 
(d) Effects of layer width variability on sGC activation 
Vasodilatory response of the arteriolar vessel is in part determined by smooth muscle 
relaxation which in turn is dependent on the extent of sGC activation in the smooth 
muscle cells.  Simulated results showing the effect of temporal variability in the layer 
width on sGC activation (∆sGC Activation) was calculated by Eq. (6.1.24) and presented 
in Fig. 6.1.6. 
                    
                                   
                
                            
where sGC ActivationNSS and sGC ActivationSS denote the levels of sGC activity with and 
without consideration of the layer variability.  According to the current model, no 
significant relation between ∆sGC activation and Cv was found as the slope of the linear 
regression fit did not deviate significantly from zero (T = 1.05; P = 0.32).  Therefore, sGC 

























activity was not significantly elevated when temporal variability in the layer width 
increased even though a substantial increase in NO bioavailability was noted. 
 
Figure 6.1.6: Relationship between Cv and ∆sGC activation for CASE III.  The solid line 
represents a linear regression fit (y = 0.011x + 0.30; R
2




(a) Principal findings 
The salient finding of the present study is that NO bioavailability in the arterioles can 
be significantly enhanced by temporal variations in the cell-free layer width and this effect 
would be predominantly mediated by parallel changes in the magnitude of WSS and NO 
production rate.  However, additional analyses on sGC activation revealed that smooth 
muscle relaxation activity was unlikely to be significantly enhanced to promote 
vasodilatory responses for blood flow regulation under physiological flow conditions. 
 
 



























(b) Temporal variability of cell-free layer width 
The outermost cells of the blood core are not in a rigid orientation along the flow 
direction but instead their alignments with the flow stream display random fluctuations 
with time and space.  Since the cell-free layer width is defined by the distance from the 
luminal vessel wall to the outermost cell of the blood core, one would expect that this 
migration behavior of red blood cells to cause temporal changes in the layer width at a 
fixed axial position of the blood vessel.  The extent of temporal variation in the layer 
width under physiological flow conditions was estimated to be approximately 43.7% of 
the mean magnitude of the layer width in the arterioles.  This finding confirmed that the 
outermost red blood cells exhibited significant fluctuations in their orientation and 
displacement in the flow stream at high flow rates.  In addition, a range of this variation 
(24.6% – 63.8%) about the mean layer width was found in the arterioles of similar 
diameters (ID = 48.4 ± 1.8 µm).  This is not surprising since red blood cell flow dynamics 
in the arterioles are highly complex and are dependent on other rheological factors that 
include the hematocrit, vessel diameter and the vascular topography of the arteriolar 
network. 
 
(c) Effect of varying core hematocrit on NO bioavailability 
The extent of NO scavenging by red blood cells is dependent on both the 
concentration of flowing red blood cells that is packed into the red blood cell core and the 
relative distance separating these cells from the NO production source in the endothelium 
(diffusion barrier to NO).  In the computational model by Chen et al. (29), different blood 
flow velocity and hematocrit profiles were used to investigate the effects of non-





vicinity of an arteriole.  They found that NO transport was less dependent on the type of 
blood flow velocity profiles than the radial distribution of red blood cells in the vessel 
lumen.  NO bioavailability in the arteriolar endothelium was reduced by a greater extent 
with a parabolic hematocrit profile in which cells are present at the periphery of the vessel 
than with a blunted hematocrit profile in which such a phenomenon is absent.  This 
finding suggests that a more frequent penetration of red blood cells into the cell-free layer 
could lead to greater mitigation of NO bioavailability through enhanced NO scavenging.  
Our findings shown in Fig. 6.1.4 seem to agree with this conjecture since a larger 
attenuation of NO was obtained with an increase in Cv when WSS responses were absent.   
A thicker cell-free layer should be associated with a more concentrated red blood cell 
core (higher Hc) which is characterized by a greater axial accumulation of red blood cells.  
Thus, Hc and the extent of NO scavenging would vary in direct proportion with the cell-
free layer width.  The temporal resolution of change in the cell-free layer width is 
dependent on the video framing rate used for flow recording which corresponds to an 
order of milliseconds.  Since the reaction between NO and hemoglobin in red blood cells 
is rapid and has a half-life of the same order as this time interval (100), it was assumed 
here that any effect on NO bioavailability due to rapid changes in NO scavenging rate in 
the blood lumen could be reflected within this short time interval.  Nevertheless, the time 
dependent variations of NO scavenging rate in the blood lumen did not significantly alter 
the results that were obtained without consideration of these variations.  This finding is 
qualitatively in agreement with that found previously with a simulation of an arteriolar 
flow (95) where an improvement in NO bioavailability found in the endothelial and tissue 





of NO from the endothelial source to the blood core but not to the accompanying changes 
in the extent of NO scavenging rate of the blood lumen.  
 
(d) Effect of varying WSS on NO bioavailability  
Previous studies (111, 146) have reported an augmentation in WSS with consideration 
of the cell-free layer variability in microvascular blood flow.  The exposure of endothelial 
cells to an increase in shear force could essentially enhance the expression of NO synthase 
(eNOS) that are constitutively located in the cells, leading to an augmented NO production 
(132).  Similarly in the present study, an enhancement in overall NO bioavailability was 
observed when concomitant changes in WSS and NO production rate due to the layer 
width variations were considered and this effect became more pronounced with greater 
variability of the layer.  It is of note that any diminution in mean peak NO bioavailability 
imposed by dynamic changes in the layer width (Fig. 6.1.4) was offset by incorporating 
variability in WSS as a physiological response (Fig. 6.1.5).  Therefore, the dynamic 
behavior of WSS under the influence of cell-free layer variability could play a dominant 
role in the regulation of NO bioavailability in the arteriole.  The implication of this layer 
variability effect on blood flow regulation should be emphasized since the dynamic 
response of vascular tone to changes in WSS or NO bioavailability can occur within the 
time scale of one second (34).  Furthermore, observations of spontaneous low-frequency 
NO oscillations due to natural variation of WSS in the cat optic nerve head have also been 








(e) Effect of cell-free layer variability on sGC activation  
The WSS stimulus in terms of its frequency and magnitude is known to influence the 
time-dependent characteristics of NO production.  This effect could play an important role 
in improving NO bioavailability by modulating the sGC activation mechanism (34, 162).  
Utilizing a transient theoretical model of NO transport in the human bronchial arteriole, 
Condorelli and George (34) have tested the effect of intermittent generation of NO on sGC 
activation based on a step, single-pulse and continuous square wave pulse of NO 
production.  In the process, they demonstrated a potential mechanism that could promote 
NO preservation in the arteriole through the time dependent release of NO.  Another 
theoretical model of NO transport by Tsoukias et al. (162) further incorporated the 
mechanism for the transient activation of sGC.  Their study substantiated that a transient, 
burst-like behavior of NO release could more efficiently activate sGC and enhanced 
cGMP formation in the smooth muscle.  Based on results obtained in the above studies, it 
seems that sGC activation is sensitive towards both frequency and amplitude of flow-
induced signals.  Therefore, it might be possible that the modeling of transient changes in 
NO release in response to modulations of WSS by temporal variation of the cell-free layer 
width could implicate sGC activity in a similar fashion.   
 
(f) Limitations of the model 
In our study, the increase in sGC activity level was not of statistical significance 
although a prominent 5.3% – 21.0% enhancement in NO preservation was found within 
the same range of the layer variability.  A limitation of our model lies in simulating the 
transient response in NO release based on discrete time intervals of WSS change.  In 





which should follow the time course of the kinetic and mechanistic signaling cascades 
involved in NO production.  In fact, Kuchan and Frangos (93) found a time-dependent 
pattern of NO release only at the onset of the applied WSS but not subsequently under an 
applied shear stress of constant magnitude.   
Another limitation of this numerical method is the simplification of small-diameter 
blood flow by assuming a continuous flow model.  The blood flow in such small vessels is 
not easily considered as continuum since the blood cells themselves are discrete bodies in 
plasma.  However, this study did not consider the effects of individual red blood cells or 
platelets in the flow stream on NO transport.  It is possible that overall NO bioavailability 
in the arteriole could be enhanced in the presence of these effects since the membranes 
and associated cytoskeleton NO-inert proteins of the red blood cells could act as diffusion 
barriers which reduce the susceptibility of NO to degradation by hemoglobin (72, 73) and 
the platelets derived NO could also contribute as a potential source of NO (56). 
The impact of the cell-free layer on NO bioavailability may also vary between rats and 
humans due to differences in the sizes of their red blood cells and vessel diameters.  The 
size of rat red blood cells (mean corpuscular volume ~55 µm
3
) is smaller than that of 
human red blood cells (~90 µm
3
) (144).  Based on the cube root of the ratio of 
approximated volumes between red blood cells of the humans and rats, the vessel 
diameters of the human arterioles can be estimated to be 1.18 times larger than those of 
the rat arterioles (129).  The mean magnitudes of the cell-free layer width (CFLmean) 
obtained from rats in our previous study (115) were in agreement with those found with 
the perfusion of human red blood cells (104) for similar sized microvessels.  Comparing 
with the mean rat arteriole diameter (48.4 µm) obtained in the present study, the bigger 





of CFLmean and CFLSD by 7.8% and 0.7%, respectively (83, 115).  Since the increase in 
CFLSD is less than that of CFLmean, Cv would be smaller in the human arterioles by ~6.8% 
as compared to the rat arterioles, suggesting that the overall enhancement of NO 
bioavailability by temporal variations in the layer width could be reduced in human 
arterioles.    
 
(g) Conclusion 
In conclusion, the findings of this study suggested an alternative mechanism imposed 
by the dynamic characteristics of the cell-free layer on WSS and NO production, through 
which overall NO bioavailability in the arteriolar endothelium could be enhanced.  Failure 
to regard this effect could underestimate the availability of mean peak NO concentration 
in arterioles by ~21% as in cases of blood flow associated with large Cv values (~64%).  
Although further analyses on the extent of sGC activation suggested that the improvement 
in NO bioavailability in physiological flow conditions was unlikely to impact vascular 
tone, it is possible that many other physiological functions (88, 148, 177) where NO has 
been well established as a key regulator could be affected.  
 
The text of this chapter, in full, is a reprint of the material as it appears in Ann Biomed 
Eng 39: 1012-23, 2011.  The dissertation author was the primary investigator and author 






6.2. Temporal Variations of the Cell-Free Layer Width May Enhance NO 
Bioavailability in Small Arterioles: Effects of Erythrocyte Aggregation 
 
6.2.1. Objective 
In this study, we tested the hypothesis that the increase in the temporal variations of 
the cell-free layer width by aggregation could produce a greater enhancement of NO 
bioavailability in the arterioles.  This in turn could potentially affect the autoregulation of 
blood flow in the arterioles by enhancing vasodilation.  In vivo cell-free layer data 
reported in chapter 4.1 together with new data sets obtained from arterioles of the rat 
cremaster muscle were applied to our computational model of NO transport in an arteriole.  
To examine the effect of red blood cell aggregation on NO bioavailability, two scenarios 
were considered, one (CASE I) where no temporal changes in physiological responses 
(NO production and red blood cell scavenging) occur and the other (CASE II) where both 
physiological responses occur in synchronization with the layer width variations. 
 
6.2.2. Materials and Methods 
(a) Mathematical model 
The transient computational model and numerical solution used in this study (Fig. 
6.2.1A) follow the procedures reported in chapter 6.1.  Since reduced flow conditions have 
been used to promote red blood cell aggregation in the arteriolar flows, several 
modifications have been made in the velocity and hematocrit profiles to better simulate the 





infusion.  A step hematocrit function (Eq. (6.2.1)) (29, 95) is used for both conditions, 
which depicts the absence of red blood cells in the cell-free layer (see Fig. 6.2.1B). 
Hematocrit function: 
                     
                     
                                                                                                            
where y1 is the interface between the cell-free layer and red blood cell core and y2 is the 
location of the luminal vessel wall.   
Velocity function: 





                                                                                                   
where k is a bluntness parameter that describes the shape of the velocity profile.  k = 2 
denotes a parabolic profile whereas k > 2 refers to a blunted profile.  Based on the 
experimental findings by Bishop and coworkers (15), in this study as shown in Fig. 
6.2.1C, k values of 2 and 2.8 have been used to describe the shape of the velocity profiles 
of non-aggregating and aggregating blood flows in low shear conditions, respectively.   
 
(b) Statistical analysis and data presentation 
Temporal variations in the cell-free layer width were characterized by the coefficient 
of variation (Cv) such that         
     
       
       where CFLsd and CFLmean 
are the standard deviation and mean of the layer widths, respectively.  Statistical analyses 
including regression fits of the experimental data were performed using a statistical 





differences in responses with or without association of the layer width variations.  A one-
way ANOVA test with post Bonferroni and Tukey tests were utilized to compare two or 
more groups (with or without the layer width variations, before and after aggregation 
induction).  All physiological and rheological data were reported as means ± SD.  For all 
statistical tests and regression fits, P < 0.05 was regarded statistically significant. 
 
Figure 6.2.1: A: Computational model of an arteriole in a Cartesian coordinate system 
which consists of blood lumen, cell-free layer (CFL), endothelium and tissue.  Temporal 
variations in the blood lumen-CFL border (y1) for a time period of 2 s are shown.  B: 
Hematocrit profile.  Hc is the hematocrit in the blood lumen.  C: Velocity profile before (k 




(a) Physiological and rheological parameters 
After the flow reduction in the abdominal aorta, mean arterial pressures in the femoral 
artery for the rats used for this study became 43.5 ± 8.1 and 44.3 ± 6.2 mmHg before and 
after dextran infusion, respectively whereas corresponding hematocrits were 40 ± 2% and 
38 ± 1%, respectively.  The steady-state mean WSS values were 0.19 ± 0.04 and 0.17 ± 
0.03 Pa before and after dextran infusion, respectively.  These parameters were not 














































degree index (M) was elevated from 0.0 to 11.8 ± 2.8 after dextran infusion, which is 
similar to levels reported for healthy humans (96, 167).  The respective mean pseudoshear 
rates and mean edge velocities at reduced arterial pressures were 19.1 ± 0.3 s
-1
 and 0.45 ± 
0.2 mm/s before dextran infusion and 18.9 ± 0.3 s
-1
 and 0.43 ± 0.2 mm/s after dextran 
infusion.  No significant effect of dextran treatment on both mean pseudoshear rates and 
mean edge velocities was found.  The mean diameter of the arterioles was 47.2 ± 0.8 (N = 
11) and 46.6 ± 0.8 µm (N = 10) before and after dextran infusion, respectively with no 
significant difference. 
 
(b) Effect of dextran infusion on the layer width variations  
 
Figure 6.2.2: A & B: A typical example of temporal variations in the cell-free layer width 
in an arteriole (46.6 µm) before and after dextran infusion, respectively.  C: Effect of red 
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Figures 6.2.2A and 6.2.2B show a typical example of temporal variation of the cell-
free layer width in an arteriole (ID = 46.6 µm) before and after dextran infusion, 
respectively at pseudoshear rates of 19.1 ± 0.5 s
-1
.  Both CFLmean and CFLsd increased 
after dextran infusion.  However, since the percentage increase in CFLsd was ~2 folds 
larger than that in CFLmean, an augmentation in Cv was obtained after dextran treatment.  
When the cell-free layer width data from all the arterioles were combined (Fig. 6.2.2C), an 
overall significant augmentation (P < 0.05) in mean Cv from 41.2 ± 8.8% to 53.1 ± 12.5% 
was observed after dextran treatment.  The significantly larger mean Cv values after 
dextran infusion indicate that the layer width variations can be enhanced by aggregation 
induction. 
 
(c) Influence of the layer width variations on NO bioavailability 
Figure 6.2.3 shows simulated changes of mean peak NO concentration in an arteriole 
in response to a temporal varying layer width (A) before and (B) after dextran treatment.  
In both cases, mean peak NO concentration (Mean Peak NOss) was initially maintained at 
a steady state value when subjected to a constant layer width from 0 to 0.5 s.  Mean Peak 
NOss was obtained by carrying out the NO simulation based on the mean value of all 
temporal layer width measurements until the NO concentration reaches a steady value.  
When physiological responses were introduced into the transient model (0.5 to 2.5 s), an 
augmentation in mean peak NO concentration (Mean Peak NONSS) from 11.2 to 12.2 nM 
and from 9.5 to 10.9 nM was obtained before and after dextran treatment, respectively.  
The magnitude of this increase was found to be greater after dextran treatment (14.2%) 





after dextran treatment under the effects of both constant and temporally varying layer 
widths. 
 
Figure 6.2.3: A & B: Simulated peak NO concentration profile in an arteriole (46.6 µm) 
in response to temporal changes in the cell-free layer width before and after dextran 
treatment, respectively.  Mean Peak NOSS and Mean Peak NONSS denote the averaged 
peak NO concentration based on a constant layer width (0 to 0.5 s) and a varying layer 
width (0.5 to 2.5 s), respectively.  ∆+ corresponds to an increase in mean peak NO 
concentration. 
 
To examine the effect of the layer width variations on NO bioavailability, Mean peak 
NONSS was compared with Mean peak NOSS.  Any discrepancy in mean peak NO 
concentration                between the two could be obtained as follows: 
                 
                            
             
                                
For CASE I (Fig. 6.2.4), the negative values of ∆Mean Peak NO indicated an 
attenuation of mean peak NO concentration in the arterioles when temporal variations in 
the layer width were considered.  Based on linear regression, this diminution effect was 
significantly enhanced with increasing Cv for both before (P < 0.0001) and after (P < 
0.002) dextran infusion.  Although Cv values were significantly larger after dextran 
infusion, the extent of NO diminution by the layer width variations was not significantly 












































































(P = 0.65) altered by aggregation induction.  Mean magnitude of ∆Mean Peak NO was -
2.7 ± 1.4% and -3.0 ± 1.4% before and after dextran infusion, respectively.   
 
Figure 6.2.4: Relationship between ∆Mean Peak NO and Cv before and after dextran 
infusion in CASE I.  Linear regression fit was used: y = -0.14x + 3.03; R
2
 = 0.82 and y = -
0.09x + 1.95; R
2
 = 0.72 before and after dextran treatment, respectively.     
 
This diminution effect was however offset when transient WSS responses to the layer 
width variations were considered (CASE II), resulting in an exponential enhancement of 
NO bioavailability with increasing Cv (Fig. 6.2.5A).  Based on the curve fits, the ∆Mean 
Peak NO increased from 4.6% to 33.9% in the Cv range of 29.1% - 56.2% before dextran 
infusion while it increased from 8.2% to 35.2% in the range of 33.9% - 75.4% after 
dextran treatment.  Although Cv values became significantly larger after aggregation 
induction, the maximum ∆Mean Peak NO in the arterioles appeared to be slightly 
increased by aggregation.  However, a pronounced enhancement of mean peak NO 
concentration in the arterioles by the layer width variations under aggregating conditions 
was apparent in Fig. 6.2.5B.  Accordingly, only after dextran infusion, mean peak NO 
concentration obtained with a transiently changing layer was significantly larger (P < 































0.05) than that acquired with a steady state layer.  In addition, mean peak NO 
concentration was generally lowered after dextran infusion for both steady state (9.4 ± 1.2 
→ 8.7 ± 0.8 nM) and transient (10.7 ± 2.0 → 10.2 ± 1.8 nM) cases of the layer width.   
 
Figure 6.2.5: A: Relationship between ∆Mean Peak NO and Cv before and after dextran 









 = 0.87 before and after dextran treatment, respectively.  B: Effect of transient 
changes in the layer width on mean peak NO concentration before and after dextran 
infusion.  *P < 0.05. 
 
(d) Influence of the layer width variations on sGC activity  
The effect of the layer width variations on vascular tone can be predicted from the 
level of sGC activation in the smooth muscle cells.  An increase in sGC activation is 
associated with enhanced smooth muscle relaxation which is capable of eliciting 
vasodilatory effects.  ∆sGC activation was defined as the percentage change in sGC 
activation comparing the effects of transient (                   and steady state 
(                  layer widths on sGC activation as follows: 
                    
                                   
                
                                

























































As shown in Fig. 6.2.6A, positive magnitudes of ∆sGC activation were generally 
obtained, implying that sGC activity could be enhanced by temporal variations in the layer 
width.  Similar to Fig. 6.2.5A, sGC activation increased from 6.5% to 27.7% in the Cv 
range of 29.1% - 56.2% before dextran infusion whereas it increased from 9.0% to 28.6% 
in the range of 33.9% - 75.4% after dextran infusion.  The direct effect of aggregation on 
sGC activation was not clearly seen in Fig. 6.2.6A.  However, as shown in Fig. 6.2.6B, 
mean sGC activation obtained with a transient layer width was significantly augmented (P 
< 0.05) from that with a steady state layer width after dextran infusion, but not before.  It 
is of note that sGC activation generally decreased after dextran treatment (24.0 ± 3.1% → 
20.7 ± 2.2 % and 26.9 ± 4.8% → 23.9 ± 3.8 % for steady state and transient layer widths, 
respectively) and the magnitude of this mitigation was found to be statistically significant 
(P < 0.05) only for the steady state layer width.    
Figure 6.2.6: A: Relationship between ∆sGC Activation and Cv before and after dextran 









0.79 before and after dextran treatment, respectively.  B: Effect of transient changes in the 
layer width on sGC activation before and after dextran infusion.  *P < 0.05. 
 



























































(a) Principal findings 
The induction of red blood cell aggregation in arteriolar blood flow at reduced flow 
rates can augment the temporal variations in the cell-free layer width and this effect can 
contribute to the enhancement of NO bioavailability in the arteriole.  This improvement in 
NO bioavailability by the layer width variations may present a mechanism for altering the 
local vascular tone since reduction of sGC activation due to the increased width of the 
layer after aggregation induction was diminished by the effect of the layer variation.   
 
(b) Effect of aggregation on temporal variations of cell-free layer 
It is well established that in microcirculatory blood flow, red blood cells are not 
homogeneously distributed over the cross-section of the vessel, but the cells tend to 
migrate towards the center of the vessel.  When red blood cell aggregation is induced, this 
axial migration can be enhanced by the growth of compact multicellular aggregates in the 
flow stream.  Microscopic observations of temporal and spatial changes in the cell-free 
layer formation for aggregating blood flow (104, 115, 133, 150, 154) have shown more 
irregular contours of the cell-free layer interface with the red blood cell core after flow 
reduction.  In the present study, a significantly larger mean Cv was obtained after 
aggregation induction, indicating an increase in the temporal variation of the layer width 
due to aggregation.  In addition, our finding suggested that the standard deviation of the 
layer width could be a more important statistical parameter than its mean in defining the 
temporal changes of the layer width since an overall increase in Cv due to aggregation was 






(c) Influence of the layer variations on NO bioavailability  
The enhanced cell-free layer formation due to the red blood cell aggregation at 
reduced flow rates could lead to opposing influences on NO bioavailability in the 
arteriole.  A thicker cell-free layer could lower the effective blood viscosity at the luminal 
vessel wall and thus reduce the endothelial production of NO by attenuating the WSS 
(10).  Furthermore, the thicker layer corresponds to a reduction in red blood core width, 
resulting in a more concentrated red blood cell core (higher Hc) that potentially enhances 
NO scavenging and attenuates NO bioavailability (5).  Conversely, an increase in the layer 
width can improve NO preservation in the arteriole by creating a larger diffusion barrier 
that protects NO in the endothelium from scavenging by the blood lumen (99).  The 
present study suggests an alternative mechanism that could enhance NO bioavailability by 
considering the concomitant changes in WSS and NO synthesis with the enhanced 
temporal variation of the layer due to aggregation.  The concept that transient production 
of NO may enhance NO bioavailability has been previously modeled by Tsoukias et al. 
(162).  In their model, the endothelium is assumed to have a time-varying NO production 
rate which supports the possible enhancement of NO bioavailability by the time-varying 
cell-free layer.   
A flow dependent effect on the extent of NO preservation by the layer width variations 
was apparent by comparing the results in this study with those obtained in our previous 
study under high flow conditions (114).  In contrast to the linear augmentation of mean 
peak NO concentration with the layer variability obtained at high flow rates, an 
exponential increase was found at low flow rates in the present study, suggesting a larger 
possible enhancement of NO bioavailability in the arterioles by the layer width variations 





Although NO bioavailability could be enhanced by a larger temporal variability of the 
layer width after aggregation induction, such an effect was secondary to the attenuation of 
NO imposed by formation of a thicker layer.  As shown in Fig. 6.2.5B, mean peak NO 
concentration in the arteriole was reduced after dextran treatment even though a greater 
improvement in NO concentration was obtained with larger temporal variations in the 
layer width.  This finding is consistent with previous experimental studies (13, 173) which 
reported a downregulation in the expression of eNOS protein or relevant markers on NO 
synthesis in the vascular wall after aggregation induction without an elevation of plasma 
viscosity.  A predominant reduction in NO bioavailability due to an increase in the layer 
width may have important clinical implications by triggering non-hemodynamic related 
mechanisms.  For instance, reduced vascular NO bioavailability may stimulate platelet 
adhesion and aggregation that could impair the capacity of vascular endothelium to react 
to vasodilator stimuli, leading to prognosis of vascular diseases (65). 
 
(d) Comparison of NO values with previous models and experimental studies 
The steady-state NO values predicted from the present model are lower than those 
predicted by previous NO transport models.  Direct comparison between steady-state NO 
values obtained by our model and previous models would be limited by the different 
methods used to compute the NO production rate.  NO production rate in previous models 
(29, 95) is dependent on O2 availability in the arteriole based on the Michaelis–Menten 
kinetics.  On the other hand in our model, NO production rate is a function of the shear 
stress at the arteriolar wall and thus it is directly dependent on the wall shear rate which is 
determined by experimental hemodynamic parameters such as the cellular velocity at the 





conducted under reduced flow conditions (~17 s
-1
) where the cellular velocity is small and 
the cell-free layer formation is prominent, we would expect the NO production rate to 
substantially decrease from those found under normal flow conditions (114), resulting in 
the lower steady-state NO values than those reported in the previous studies.  It is of note 
that, in the present model, the shear-dependent relationship for the NO production rate is 
based on the model used by Kavdia and Popel (78) where a maximum NO concentration 
of 100 nM in the endothelium was obtained at a reference WSS value of 2.4 Pa.  The 
smaller steady-state WSS values (0.13 – 0.24 Pa) obtained in the present study which are 
approximately 6% – 10% of this reference value would thus justify the lower steady state 
values of NO concentration.   
The steady-state models by Lamkin-Kennard et al. (95) and Chen et al. (29) predicted 
increasingly higher NO levels in the vascular wall with greater cell-free layer width in the 
arterioles.  However, their studies did not consider the effects of changes in the WSS on 
NO production rate caused by changes in the cell-free layer width.  With a thicker cell-
free layer due to aggregation, an attenuation of WSS would be expected which result in a 
decrease in NO production.  This effect, as shown in the present study, could reduce NO 
bioavailability.  On the other hand, an improved NO preservation that could arise from 
decreased NO scavenging by the blood lumen due to a thicker diffusion barrier would be 
possible when the NO production does not change with the cell-free layer width, which is 
not the case in our simulation.   
In this study, a slightly lower systemic hematocrit was found after dextran infusion 
although the change was not significant.  The reduced hematocrit after dextran treatment 
may lower the rate of NO consumption by the blood which seems to slightly improve NO 





attenuation of WSS and NO production due to the lower effective blood viscosity.  A 
previous study (168) reported constriction of the vasculature with a small decrease (10%) 
in the systemic hematocrit from baseline level (47.9%) which could support the 
diminished release of vasodilators such as NO for promoting vasodilation.   
In vivo measurements of perivascular NO in the hamster skin chamber by Tsai et al. 
(160) showed an increase in NO concentration with hemodilution using Dextran 500 
which did not seem to support the predicted decrease in NO concentration by dextran 
treatment in the present study.  However, it should be noted that direct comparison of their 
study with our simulation is limited by different objectives and simulated conditions.  In 
their study, plasma viscosity was tested as a possible mediator of microvascular perfusion 
under extreme hemodilution conditions and therefore, hemodilution by the exchange of 
whole blood with Dextran 500 solution was used to simulate the plasma hyperviscosity 
condition.  On the other hand in the present study, Dextran 500 was infused into the 
animal to simulate the desired levels of aggregation.  As a result, in comparison with the 
present study, their mean plasma viscosity (1.99 cP) was greater by ~55% and their 
hematocrit (11%) was lower by more than 3 folds.  This substantially higher plasma 
viscosity and lower hematocrit could predominantly enhance NO bioavailability in the 
arteriole, possibly through the augmentation of NO production by an increase in WSS and 
the reduction of NO scavenging by red blood cells.  
 
(e) Plasma viscosity effect on NO bioavailability 
The use of high molecular weight dextrans to induce red blood cell aggregation can 
elevate the blood plasma viscosity which could also contribute to an increase in NO 





greater activation of eNOS protein can occur in aggregating blood flow where the plasma 
viscosity was elevated, suggesting an enhancement in NO production.  A greater NO-
mediated dilation of arterioles has been reported after the perfusion of red blood cells 
suspended in a dextran solution of higher molecular weight (515 kDa vs 39.5 kDa) (38).   
This discrepancy has been attributed to an increase in WSS associated with the 
appreciable rise (64%) in viscosity of the suspending phase containing the higher 
molecular weight dextran.  However, in the present study, the effect of plasma viscosity 
change on NO bioavailability and vascular responses is expected to be less prominent 
since the increase (~7.5%) in viscosity was substantially smaller.  Furthermore, it is of 
note that, in this simulation study, the effect of plasma viscosity on NO transport was 
isolated by using the same viscosity value for all the conditions, with the assumption that 
the cell-free layer formation is not significantly altered by the small increase of plasma 
viscosity.  We are aware that a small increase (~7.5%) in plasma viscosity after dextran 
infusion may lead to an elevation in WSS, resulting in an increase in NO production rate.  
However, since the primary objective of this study is to elucidate the sole effect of red 
blood cell aggregation on NO bioavailability in the arteriole by considering the temporal 
variations in cell-free layer width, we did not consider the plasma viscosity effects in the 
NO simulations which would result from dextran-induced aggregation.  Thus, our 
predicted values of the NO concentration after dextran treatment might be slightly lower 
than when the plasma viscosity effects are considered.   
 
(f) Influence of temporal variations of the layer on vascular tone 
One important form of NO transport from the endothelial source that influences the 





this layer are affected by exposure to NO concentrations ranging from 5 – 100 nM (35).  
These levels of NO concentration can activate the target hemoprotein, sGC, which is 
responsible for the catalytic conversion of guanosine triphosphate (GTP) to cyclic 
guanosine monophosphate (cGMP) (4).  Consequently, these small signaling molecules 
are responsible for relaxation of the smooth muscle cells, which elicit vasodilatory 
responses.  In the present study, the simulated sGC activation was augmented by the 
temporal variations in the layer width after aggregation induction due to the associated 
enhancement in NO bioavailability although this effect seemed to be secondary to the 
layer thickness effect.  It is of note that the significant reduction of sGC activation by 
aggregation seen in the absence of the layer width variation was eliminated by the 
enhancement of sGC activation resulting from the larger layer variations associated with 
the aggregating condition (see Fig. 6.2.6B).  This suggested that the suppression effect of 
vasodilatory responses by the thicker layer width due to aggregation could be offset by the 
effect of layer width variations.  
 
(g) Other potential physiological implications  
Although a NO concentration of 23 nM is used in the present study to give half-
maximal activation of sGC (EC50), a wide range of NO concentrations with EC50 from 1 – 
250 nM were reported in previous studies (14, 153).   It was shown previously that NO 
could activate sGC with an EC50 of as low as 1 – 4 nM which catalyses cGMP formation 
(67, 68), eliciting many physiological effects such as the inhibition of platelet aggregation 
and synaptic plasticity (54, 90).  Furthermore, NO is known to be an inhibitor of 
mitochondrial respiration at sufficiently high concentrations (71).  Accordingly, an 





changes in NO concentration of the order obtained in this study would be capable of 
implicating physiological functions.   
 
(h) Limitations of current study 
The approximation of WSS was based on the mean velocity of red blood cells at the 
edge of the blood core although the velocity of the cells could vary with time depending 
on their radial positions.  If a linear velocity profile is assumed within the cell-free layer, 
the error can be approximated by the root mean square (RMS) deviation (61) in the layer 
for each time interval (~0.44 ms) in a time period of 2 s which was found to be ~2.4% and 
~2.1% before and after dextran infusion, respectively.  Due to the increasing non-linearity 
of the velocity profile farther away from the vessel wall (15), further refinement of the 
numerical model would be required to provide a more realistic account of WSS for larger 
thickness of the layer. 
Our model did not consider the effects that would be imposed by the presence of the 
endothelial surface layer (ESL) on NO bioavailability in the vessel.  This layer (~0.5 µm 
width) (147) consists of macromolecules (glycolipids, proteoglycans and glycoproteins) 
bound to the endothelial membrane and is responsible for mediating the transduction of 
hemodynamic signals from the flowing blood to the endothelium.  Thus, it could play a 
critical role in modulating the shear stress acting on the endothelium and the subsequent 
activation of molecular pathways responsible for the synthesis of NO.  A decrease in the 
ESL width may impair the biochemical production of NO in the endothelium, resulting in 
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In STAGE I, we developed a new automated method (Grayscale method) that provides 
local detections of the inner vessel wall as well as the boundary between the cell-free layer 
and erythrocyte column without binarization of gray-scale images.  The Grayscale method 
appeared to produce more accurate results of layer width measurements than the 
Minimum method and Otsu’s method when faint shaded regions are present at the edge of 
the erythrocyte column.   
In STAGE II(a), we provided for the first time the detailed temporal information of the 
arteriolar cell-free layer in various rheological conditions (non-aggregating and 
physiological normal-aggregating states, normal and reduced flow conditions) to better 
describe the characteristics of the layer variation.  Our results showed that the cell-free 
layer width in arterioles is dependent on both flow rate and red blood cell aggregability 
and that the temporal variations in width are asymmetric with a greater excursion into the 
red blood cell core than toward the vessel wall.  This disparity was enhanced by normal-
aggregation induction and flow reduction.  We further revealed that prominent cell-free 
layer in the arterioles can be formed under higher shear conditions at pathological hyper-
aggregation levels and this effect is more pronounced in the smaller vessels. 
The findings from STAGE II(b) revealed that blood flow separation at an arteriolar 
bifurcation can lead to spatial variations of the layer width in the arterioles at 
physiological normal flow conditions.  This phenomenon was characterized by an 
attenuation of the layer formation close to the bifurcation in the parent vessel which was 
more pronounced at its wall adjacent to the side branch than at its opposite wall.  Another 





opposite sides of the larger daughter vessel, especially closer to the bifurcation.  In 
addition, we found that the fraction of downstream layer formation constituted by the side 
branch generally decreased with increasing flow fraction in this vessel.  It was discovered 
that the initial large asymmetry of the layer widths in the larger daughter vessel after the 
bifurcation was attenuated downstream along the vessel and this effect became enhanced 
by hyper-aggregation at low flow rates.  This could be attributed to the larger rates of the 
layer formation in the larger daughter vessel under hyper-aggregating condition which was 
more pronounced at its wall adjacent to the side branch than at its opposite wall.  A greater 
tendency of the layer formation in the side branch was also found after hyper-aggregation 
induction at reduced flow.  These findings collectively accentuated the importance of 
incorporating the network element effect on cell-free layer formation in the arterioles and 
its potential modulation by red blood cell aggregation. 
In STAGE III, we found that when WSS response is not considered, the layer 
variability could lead to a slight decrease in NO bioavailability that is independent of 
transient changes in NO scavenging rate.  Conversely, the transient response in WSS and 
NO production rate played a dominant role in reversing this decline such that a significant 
augmentation in NO bioavailability was found with increasing layer variability. This 
improvement of NO bioavailability by layer width variations was enhanced by 
aggregation at reduced flow conditions due to the associated larger layer width variations.  
This study highlighted the importance of the temporal changes in WSS and NO 
production rate caused by the layer width variations in modulating NO bioavailability in 
arterioles, especially under the effects of aggregation. 
In conclusion, the objectives in the various stages of this doctoral thesis were 





width and its variability in the arterioles were provided under physiological and 
pathological human levels of red blood cell aggregation.  By incorporating the effects 
imposed by the layer variability, new insights were provided on the impact of the layer in 
the regulation of NO transport and vascular tone in the arterioles under the influence of 






















Due to the irregular topography of the vascular network, one major limitation in the 
study of the effect of flow partitioning at an arteriolar bifurcation on the cell-free layer 
formation lies in the maximum longitudinal distance away from the bifurcation in which 
blood flow can be visualized in both the upstream and downstream vessels.  To overcome 
this limitation, it would be necessary to provide a more extensive examination on the 
process of the cell-free layer formation beyond the constraint imposed by an in vivo flow 
structure.  Therefore, it is recommended that a more in-depth investigation on the layer 
formation at the network level can be conducted based on an in vitro microfluidic system 
which consists of interconnecting microfabricated channels that simulates blood flow at a 
diverging bifurcation.  Such experimental design control allows examination of the layer 
formation in blood flow to be performed at larger downstream distances from the 
bifurcation.  Another advantage is that it opens up the possibility to elucidate the influence 
of specific rheological effects on the layer formation since rheological factors such as 
channel geometry, flow rate, hematocrit and red blood cell aggregation can be desirably 
controlled.  In addition, human blood can also be utilized for the experiment which 
renders the findings more closely relevant to humans by eliminating possible 
discrepancies caused by intrinsic differences in the mechanical and physical properties 
between rat and human red blood cells.       
Although the NO transport computational model developed in this study is useful for 
providing a basic understanding on how the NO bioavailability in the arteriole could be 
modulated by a temporally varying layer width, further improvements could be made to 





closer physiological relevance to the arteriolar flow environment would include 
accounting for the glycocalyx layer in our cell-free layer measurement as a separate 
transport compartment, the modulating effect of the endothelial surface layer (ESL) on 
NO production, a more realistic relation (i.e. S-shaped relation) between NO production 
and WSS based on previous experimental findings, the mechanistic events governing the 
sGC activity in the smooth muscle cell, the coupling of NO with oxygen transport in the 
blood lumen and the permeability of NO to intrinsic diffusion barriers (cellular membrane 
and intracellular cytoskeleton) of the red blood cell.  Since spatial variations in the layer 
width characteristics are evident in the arterioles, it is recommended that the improvised 
computational model can account for such effects on NO and oxygen transport.  The 
ultimate goal would be to clarify the roles played by the cell-free layer towards the 
regulation of NO and oxygen bioavailability at a network level in the tissue.  Experimental 
validations of the simulated NO findings are also recommended.  It is suggested that 
experimental measurements of perivascular NO levels can be performed and correlated 
with simulated NO concentrations based on the layer variations that are concurrently 
determined from the optically acquired flow images.   
A possible drawback of using Dextran 500 as an aggregant to induce and elevate red 
blood cell aggregation in the rat lies in a corresponding increase of the blood plasma 
viscosity which may potentially interfere with vascular control mechanisms.  Therefore, it 
is recommended that methods for increasing the aggregation level without altering the 
plasma viscosity are adopted.  One possible method as suggested previously is the 
intravenous injection of the rat with poloxamers-coated red blood cells, which have been 
shown to possess self-association properties to form aggregates when suspended in 
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APPENDIX A: Solidworks Drawings for Animal Surgical Stage 






A.2. Plexiglas Viewing Platform (Units in mm) 
   






APPENDIX B: Computation Algorithm for Grayscale Method 
Reconstruct Stacked Image 
[rmax, cmax] = size(imread('1.bmp')); %dimensions of digitalized image: rmax x cmax 
Pix_resolution = 0.42 ; %size of each pixel in micrometers 
Analine = 292; %Analysis line  y-position 
startframe = 1;  
endframe = 3000; 
totframe = endframe - startframe + 1; % total no of frames  
framerate = 3000; %framespersec 
leftvesselwall = 488;   %actual x-position stating point 
rightvesselwall = 555;  %actual x-position ending point 
lenganaline = rightvesselwall - leftvesselwall + 1; %length of the analysis line in pixels 
ReconI = zeros(totframe,lenganaline); %Initialization of reconstructed image matrix 
num2 = 1; 
 
for framenum = startframe:endframe 
    str = strcat(int2str(framenum),'.bmp');      
    I = imread(str); 
    I = im2double(I); %convert image into double 
    num = 1; 
        for m = leftvesselwall: rightvesselwall 
            ReconI (num2, num) = I (Analine, m);%Reconstruct image using analysis lines 
from sequential frames 
            num = num + 1; 
        end 




% Divide image into half 
Imsize = size(ReconI); 
Centerline = round(Isize(2)/2); 
Image_Left = imcrop(I, [1,1,centerline,Imsize(1)]); 
Image_Right = imcrop(I, [centerline,1,Imsize(2),Isize(1)]); 
 
CFL(:,1) = CFLmeasure(Image_Left,1); %Left CFL in pixels %function CFLmeasure 
CFL(:,2) = CFLmeasure(Image_Right,2); %Right CFL in pixels %function CFLmeasure 
CFL = CFL*pixelResolution; %CFL in µm % Converting to actual dimensions 
meanLCFL = mean(CFL(:,1)) %Mean left CFL in µm 
meanRCFL = mean(CFL(:,2)) %Mean right CFL in µm 
stdevLCFL = std(CFL(:,1)); %SD of left CFL in µm 
stdevRCFL = std(CFL(:,2)); %SD of right CFL in µm 
 
function CFLoutput = CFLmeasure(Image,n); 





[rmax, cmax] = size(Image); 
level = graythresh(ReconI); %Ostu's threshold level 
  
for framenum = 1:rmax  
    for pixnum = 1:cmax-1 
        if Left_ReconI(framenum,pixnum) > level 
        sum_inten = sum_inten + Left_ReconI(framenum,pixnum); 
        counter = counter + 1; 
        end 
    end 
end 
  
for framenum = 1:rmax    
    for pixnum = 1:cmax-1 
        Constraint = sum_inten/counter; 
        Difference = Left_ReconI(framenum,pixnum) - Left_ReconI(framenum,pixnum+1);     
        if Left_ReconI(framenum,pixnum) > Constraint && Difference > 0  
    Grad_diff_L(pixnum) = Left_ReconI(framenum,pixnum) - 
Left_ReconI(framenum,pixnum+1);  
        end 
    end 
    if max(Grad_diff_L(:)) == 0; 
        Boundary_pos_L(framenum)= 0; 
    else 
    [Max_diff,x_pos] = max(Grad_diff_L(:)); 
    Boundary_pos_L(framenum) = x_pos; 
    Img_diff_L(framenum) = Max_diff; 
    Grad_diff_L = zeros(cmax-1,1);  
    end 
end 
 
for i = 1:rmax 











APPENDIX C: Automated Cell-Free Layer Width Measurements 
 















0.3 (1) 1.27  11.7 0.85  23.0 1.27 
0.7  0.85  12.0 0.42  23.3 1.27 
1.0  0.42  12.3 0.42  23.7 2.97 
1.3  0.85  12.7 0.42  24.0 2.97 
1.7  2.54  13.0 0.85  24.3 2.97 
2.0  1.69  13.3 1.69  24.7 2.97 
2.3  1.27  13.7 2.54  25.0 2.97 
2.7  0.85  14.0 2.54  25.3 4.24 
3.0  0.42  14.3 2.54  25.7 3.81 
3.3  0.42  14.7 2.12  26.0 4.66 
3.7 0.42  15.0 2.12  26.3 2.97 
4.0 0.42  15.3 2.12  26.7 2.97 
4.3 1.69  15.7 1.27  27.0 2.54 
4.7 1.27  16.0 0.42  27.3 2.12 
5.0 2.12  16.3 0.42  27.7 1.27 
5.3 2.97  16.7 0.42  28.0 1.69 
5.7 2.54  17.0 2.12  28.3 2.54 
6.0 1.27  17.3 2.54  28.7 2.97 
6.3 0.42  17.7 2.54  29.0 2.12 
6.7 0.00  18.0 2.97  29.3 2.12 
7.0 0.00  18.3 1.69  29.7 2.97 
7.3 0.00  18.7 0.85  30.0 2.97 
7.7 0.00  19.0 0.42  30.3 2.97 
8.0 0.00  19.3 0.42  30.7 2.54 
8.3 0.42  19.7 2.12  31.0 2.12 
8.7 0.42  20.0 2.97  31.3 2.12 
9.0 0.42  20.3 4.24  31.7 1.69 
9.3 0.00  20.7 2.97  32.0 0.42 
9.7 0.42  21.0 1.69  32.3 0.42 
10.0 1.27  21.3 2.12  32.7 1.27 
10.3 0.85  21.7 1.69  33.0 1.69 
10.7 0.85  22.0 1.69  33.3 (100) 2.97 
11.0 2.54  22.3 1.27    
11.3 2.12  22.7 1.27    





















0.3 (1) 1.27  11.7 0.85  23.0 1.27 
0.7 0.85  12.0 0.42  23.3 1.27 
1.0 0.42  12.3 0.42  23.7 2.97 
1.3 0.85  12.7 0.42  24.0 2.97 
1.7 2.54  13.0 0.85  24.3 2.97 
2.0 1.69  13.3 2.12  24.7 3.39 
2.3 1.27  13.7 2.12  25.0 3.81 
2.7 0.85  14.0 2.54  25.3 4.24 
3.0 0.42  14.3 2.54  25.7 3.81 
3.3 0.42  14.7 2.12  26.0 4.66 
3.7 0.42  15.0 2.12  26.3 4.24 
4.0 0.42  15.3 2.12  26.7 2.97 
4.3 1.27  15.7 1.27  27.0 2.54 
4.7 1.27  16.0 0.42  27.3 2.12 
5.0 2.54  16.3 0.42  27.7 1.27 
5.3 2.97  16.7 0.85  28.0 1.69 
5.7 2.54  17.0 2.54  28.3 2.54 
6.0 1.27  17.3 2.54  28.7 2.97 
6.3 0.42  17.7 2.54  29.0 2.12 
6.7 0.00  18.0 2.97  29.3 2.12 
7.0 0.00  18.3 1.69  29.7 2.97 
7.3 0.00  18.7 0.85  30.0 2.97 
7.7 0.00  19.0 0.85  30.3 2.97 
8.0 0.00  19.3 0.42  30.7 2.54 
8.3 0.00  19.7 2.12  31.0 2.12 
8.7 0.42  20.0 3.39  31.3 2.12 
9.0 0.00  20.3 4.24  31.7 1.69 
9.3 0.00  20.7 2.97  32.0 0.85 
9.7 0.85  21.0 1.69  32.3 0.42 
10.0 1.27  21.3 1.69  32.7 1.27 
10.3 0.85  21.7 1.69  33.0 1.69 
10.7 0.85  22.0 1.69  33.3 (100) 3.39 
11.0 2.54  22.3 1.27    
11.3 2.12  22.7 1.27    























0.3 (1) 1.69  11.7 1.27  23.0 2.12 
0.7  1.27  12.0 1.27  23.3 2.54 
1.0  1.27  12.3 0.85  23.7 3.39 
1.3  1.69  12.7 0.85  24.0 3.81 
1.7  2.54  13.0 1.69  24.3 4.24 
2.0  2.54  13.3 3.81  24.7 5.08 
2.3  2.12  13.7 3.81  25.0 5.08 
2.7  1.27  14.0 3.81  25.3 4.66 
3.0  1.27  14.3 2.97  25.7 4.24 
3.3  1.27  14.7 2.54  26.0 5.08 
3.7 0.85  15.0 2.54  26.3 6.36 
4.0 1.69  15.3 2.97  26.7 3.81 
4.3 2.12  15.7 1.69  27.0 3.39 
4.7 2.12  16.0 0.85  27.3 2.97 
5.0 3.81  16.3 0.85  27.7 2.12 
5.3 3.81  16.7 2.54  28.0 2.97 
5.7 3.39  17.0 3.81  28.3 4.24 
6.0 1.69  17.3 2.97  28.7 3.39 
6.3 1.27  17.7 3.39  29.0 2.54 
6.7 1.27  18.0 3.81  29.3 3.81 
7.0 0.85  18.3 2.12  29.7 3.81 
7.3 0.85  18.7 1.69  30.0 3.81 
7.7 0.85  19.0 1.27  30.3 3.39 
8.0 0.85  19.3 1.69  30.7 3.39 
8.3 2.97  19.7 4.24  31.0 2.97 
8.7 1.27  20.0 4.66  31.3 2.97 
9.0 0.85  20.3 5.08  31.7 2.12 
9.3 0.85  20.7 3.81  32.0 1.69 
9.7 2.12  21.0 2.54  32.3 1.69 
10.0 2.12  21.3 2.97  32.7 2.12 
10.3 1.27  21.7 2.12  33.0 2.54 
10.7 2.12  22.0 2.12  33.3 (100) 5.93 
11.0 3.81  22.3 1.69    
11.3 3.39  22.7 2.12    












Figure D.1:  Time course of the change in femoral arterial pressure (PA) during the 
experiment.  Arteriolar flow recording is carried out before and after the reduction of PA at 


































APPENDIX E: Cell-Free Layer Width Measurements near an Arteriolar Bifurcation 
 





Table E.1-1: Normalized mean of the cell-free layer width 
 
Distance from bifurcation  
 
In parent vessel 
 0.0D 0.5D 1.0D 1.5D 2.0D 
Opposite wall 15.6 ± 1.7 16.0 ± 1.3 18.1 ± 1.7 16.6 ± 1.4 16.4 ± 1.8 
Adjacent wall 14.2 ± 1.3 16.7 ± 1.2 16.1 ± 1.3 15.4 ± 0.9 18.4 ± 1.4 
 In larger daughter vessel 
 
0.0D 0.5D 1.0D 1.5D 2.0D 
Opposite wall 15.6 ± 1.6 16.4 ± 1.7 18.8 ± 1.7 18.6 ± 1.7 15.4 ± 1.4 
Adjacent wall 8.5 ± 1.6 10.4 ± 1.0 11.8 ± 1.3 13.3 ± 1.7* 14.7 ± 1.3* 
All data are presented as mean ± SE.  Units in %.  D represents vessel diameter determined at 










E.2. Cell-free layer width measurements at reduced arterial pressure conditions 
 
Table E.2-1: Normalized mean of the cell-free layer width 
 Distance from bifurcation  
 
In parent vessel 
 0.0D 0.5D 1.0D 1.5D 2.0D 
Opposite wall      
Non-aggregating 10.4 ± 0.9
†††
 16.1 ± 1.4 17.1 ± 1.2 16.8 ± 1.1 16.0 ± 1.3 
Normal-aggregating 13.6 ± 0.7
††
 18.3 ± 1.4 17.8 ± 1.2 15.8 ± 1.4 15.2 ± 1.1 
Hyper-aggregating 14.8 ± 1.3
††
 20.3 ± 1.1 20.9 ± 1.1* 19.6 ± 1.3* 18.2 ± 1.4* 
Adjacent wall      
Non-aggregating 11.9 ± 1.2
††
 17.4 ± 1.6 18.8 ± 2.0 16.6 ± 1.9 17.5 ± 1.9 
Normal-aggregating 12.6 ± 1.3
††
 18.1 ± 1.5 17.0 ± 1.7 18.3 ± 1.9 19.5 ± 1.6 
Hyper-aggregating 12.6 ± 1.5
†
 17.3 ± 1.5 17.6 ± 1.8 16.9 ± 1.7 18.9 ± 2.1 
  
 In larger daughter vessel 
 0.0D 0.5D 1.0D 1.5D 2.0D 
Opposite wall      
Non-aggregating 17.5 ± 1.9 14.8 ± 1.7 15.7 ± 2.3 18.0 ± 1.0 14.4 ± 2.2 
Normal-aggregating 17.0 ± 2.0 20.1 ± 3.0 21.3 ± 2.7 21.7 ± 3.0 19.7 ± 2.2 
Hyper-aggregating 18.7 ± 2.3 22.0 ± 2.6* 24.7 ± 2.7* 23.4 ± 2.0* 22.0 ± 2.9* 
Adjacent wall      
Non-aggregating 8.7 ± 1.9 8.9 ± 2.2 11.6 ± 2.5 11.0 ± 1.7 8.7 ± 1.8 
Normal-aggregating 11.6 ± 3.2 13.7 ± 2.1 17.6 ± 3.1 14.6 ± 2.1 15.4 ± 2.7 
Hyper-aggregating 10.4 ± 2.5 13.1 ± 2.1 14.1 ± 2.9 18.7 ± 2.1 16.5 ± 2.2* 
All data are presented as mean ± SE.  Units in %.  D represents vessel diameter determined at 
0.0D.  
†††
P < 0.0001, 
††
P < 0.01 & 
†
P < 0.05: significance levels of decrease in the layer width 










Table E.2-2: Normalized SD of the cell-free layer width  
 Distance from bifurcation  
 
In parent vessel 
 0.0D 0.5D 1.0D 1.5D 2.0D 
Opposite wall      
Non-aggregating 7.4 ± 0.7 7.8 ± 0.6 8.4 ± 0.6 8.3 ± 0.7 8.3 ± 0.7 
Normal-aggregating 8.7 ± 0.8 8.4 ± 0.7 9.5 ± 0.9 8.5 ± 0.9 8.6 ± 0.8 
Hyper-aggregating 8.8 ± 0.7 8.4 ± 0.6  9.8 ± 0.8 9.0 ± 0.6 8.3 ± 1.0 
Adjacent wall      
Non-aggregating 7.8 ± 0.9 8.5 ± 0.8 8.5 ± 0.8 8.3 ± 1.1 8.4 ± 0.9 
Normal-aggregating 9.8 ± 1.1 9.3 ± 1.0 8.3 ± 0.8 10.2 ± 1.5 9.7 ± 1.1 
Hyper-aggregating 8.8 ± 1.1 9.9 ± 1.0 9.8 ± 1.2 9.8 ± 1.2 10.1 ± 1.2 
  
 In larger daughter vessel 
 0.0D 0.5D 1.0D 1.5D 2.0D 
Opposite wall      
Non-aggregating 7.6 ± 0.6 8.0 ± 0.8 8.1 ± 0.6 8.0 ± 0.5 7.6 ± 0.7 
Normal-aggregating 11.5 ± 1.6* 11.7 ± 1.4* 13.1 ± 1.7* 12.3 ± 1.7* 11.1 ± 2.1* 
Hyper-aggregating 11.8 ± 1.6* 12.0 ± 1.3* 14.1 ± 1.7** 11.8 ± 1.3** 11.2 ± 1.7* 
Adjacent wall      
Non-aggregating 6.4 ± 0.6 6. 3 ± 0.6 7.4 ± 1.0 8.0 ± 0.7 7.4 ± 1.0 
Normal-aggregating 8.8 ± 1.4  9.2 ± 1.6 10.8 ± 1.4 10.1 ± 1.2 9.5 ± 1.3 
Hyper-aggregating 8.6 ± 1.2 10.8 ± 1.1 10.0 ± 1.2 10.3 ± 1.1 9.6 ± 1.2 
All data are presented as mean ± SE.  Units in %.  D represents vessel diameter determined at 








APPENDIX F: Computation Algorithm for NO Simulation in the Arteriole 
Initialization of parameters and construction of matrices  
Edge_velocity = edge_vel(:,1); %Edge velocity read from input excel sheet (edge_vel.mat) 
R0 = diameter(:,1)/2; %Vessel radius read from input excel sheet (diameter.mat) 
CFL_width = CFL; %CFL width read from input excel sheet (CFL.mat) 
M = 100 %No.of grid points in each compartment 
R1 = R0-CFL_width; %Blood lumen width  
R2 = CFL_width; %CFL_width input from experiment  
R3 = 2.5; %Characteristic endothelial cell width in micrometer 
R4 = 2500; %Infinite boundary width in micrometer 
D2 = 3300; %Constant diffusion coefficient in sq micrometer per second 
D = 1; %Normalized diffusion coefficient 
C0 = 1; %Characteristic NO concentration 
K1_lu = 382.5; %Rate constant for NO consumption by hemoglobin in lumen in per 
second 
K2_ab = 0.10; %Reaction rate cofficient in per second 
K1 = (R0^2)*K1_lu/D2; % Dimensionless rate for K1_lu 
K2 = (R0^2)*K2_ab/D2; % Dimensionless rate for K2_ab 
OMEGA = 1.8; %Relaxation factor 
TOL = 1*10^-6; %Tolerance factor 
Viscosity = 1.3; %Blood plasma viscosity  
WSS_control = 2.4; %Control WSS in pa 
 
%Actual width of grid interval in each compartment 
deltax_lumen = R1/(M-1); 
deltax_CFL = R2/(M-1); 
deltax_EC = R3/(M-1); 
deltax_abluminal = R4/(M-1); 
 
 %Initialization of matrices for all compartments 
Left_Lumen = zeros(M-2,M-2); 
Right_Lumen = zeros(M-2,M-2); 
BC1_left = zeros(M-2,1); 
BC1_right = zeros(M-2,1); 
NO_Lumen_NEW = zeros(M-2,1); 
Lumen = zeros(M-2,1); 
  
Left_CFL = zeros(M-2,M-2); 
Right_CFL = zeros(M-2,M-2); 
BC2_left = zeros(M-2,1); 
BC2_right = zeros(M-2,1); 
NO_CFL_NEW = zeros(M-2,1); 
CFL = zeros(M-2,1); 
  





Right_EC = zeros(M-2,M-2); 
BC3_left = zeros(M-2,1); 
BC3_right = zeros(M-2,1); 
NO_EC_NEW = zeros(M-2,1); 
EC = zeros(M-2,1); 
  
Left_abluminal = zeros(M-2,M-2); 
Right_abluminal = zeros(M-2,M-2); 
BC4_left = zeros(M-2,1); 
BC4_right = zeros(M-2,1); 
NO_abluminal_NEW = zeros(M-2,1); 
abluminal = zeros(M-2,1); 
  
Calculating WSS and NO production rate based on CFL width  
WSR = Edge_velocity(h)*10^3/CFL_width; %Calculation of wall shear rate (WSR) 
WSS(m,n) = WSR*Viscosity*0.001; %Calculation of wall shear stress (WSS) 
q2 = 2.65*10^-14*10^15; %NO production rate in micromole per (sq micrometer sec) 
q2 = WSS(m,n)/WSS_control*q2;%Calculate new NO production based on derived WSS 
 
Calculating core hematocrit (Hc) and NO scavenging rate (K1_lu) based on CFL 
width  
H_systemic = 45; %Systemic hematocrit from experiment  
H_systemic_ref = 45; 
%For parabolic velocity & parabolic hematocrit functions 
CONST = (R1^2)/2 - (R1^4/(4*R0^2)) + (1/(R0-R1)^2)*(1/15*R0^4 - (R0^2*R1^2)/2 + 
R1^6/(6*R0^2) + 2/3*(R1^3)*R0 - 2/5*(R1^5/R0));  
H_core(m,n) = H_systemic*R0^2/(4*CONST);%Core hematocrit 
K1_lu = (H_core(m,n)/H_systemic_ref)*K1_lu; %Corrected scavenging rate based on 
core hematocrit 
%For blunted velocity & step hematocrit functions 
CONST4 = ((R0^2)/2 - R0^(k+2)/((k+2)*(R0^k)))/((R1^2)/2 – 
R1^(k+2)/((k+2)*(R0^k))); %k is the bluntness parameter 
H_core(m,n) = H_systemic*CONST4; %Core hematocrit 




% Boundary between blood lumen (BL) & CFL (Assuming mass flux leaving one 
compartment is equal to mass flux entering adjacent compartment) 
NO_Lumen(1) = (deltax_lumen*NO_CFL(M-1) + 
deltax_CFL*NO_Lumen(2))/(deltax_CFL + deltax_lumen); 
  
%Continuity at boundary between BL and CFL  
NO_CFL(M) = NO_Lumen(1);  
  





NO_CFL(1) = (deltax_CFL*deltax_EC*q2/D2 + deltax_EC*NO_CFL(2) + 
deltax_CFL*NO_EC(M-1))/(deltax_EC + deltax_CFL); 
 
%Continuity at boundary between CFL and EC  
NO_EC(M) = NO_CFL(1); 
  
%Boundary between EC and T  
NO_EC(1) = (deltax_EC*deltax_abluminal*q2/D2 + deltax_EC*NO_abluminal(M-1) + 
deltax_abluminal*NO_EC(2))/(deltax_EC + deltax_abluminal); 
 
%Continuity at boundary between EC and T  
NO_abluminal(M) = NO_EC(1);   
  
%Far away from vessel  
NO_abluminal(1) = NO_abluminal(2); 
 
Governing equations in different compartments  
%In BL 
A_Lumen = 1 + (delta_t / 2)*(2*D2/deltax_lumen^2 + K1_lu); 
B_Lumen = D2*delta_t / (2*deltax_lumen^2); 
C_Lumen = 1 - (delta_t / 2)*(2*D2/deltax_lumen^2 + K1_lu); 
 
for i = 1:M-2 
Left_Lumen(i,i) = A_Lumen; 
Right_Lumen(i,i) = C_Lumen; 
end 
  
for i = 1:M-3 
Left_Lumen(i,i+1) = -B_Lumen; 
Left_Lumen(i+1,i) = -B_Lumen; 
Right_Lumen(i,i+1) = B_Lumen; 
Right_Lumen(i+1,i) = B_Lumen; 
end 
  
BC1_left(1) = -B_Lumen*NO_Lumen(1); 
BC1_left(M-2) = -B_Lumen*NO_Lumen(M); 
BC1_right(1) = B_Lumen*NO_Lumen(1); 
BC1_right(M-2) = B_Lumen*NO_Lumen(M); 
  
for i = 2:M-1 
    Lumen(i-1) = NO_Lumen(i); 
end 
  
NO_Lumen_NEW = inv(Left_Lumen)*(Right_Lumen*Lumen + BC1_right - BC1_left); 
  
%Check for RES < TOL  





    RES = NO_Lumen(i+1) - NO_Lumen_NEW(i); 
    if abs(RES) > TOL 
        count = count + 1; 




B_CFL = D2*delta_t / (2*deltax_CFL^2); 
  
for i = 1:M-2 
Left_CFL(i,i) = 1 + 2*B_CFL; 
Right_CFL(i,i) = 1 - 2*B_CFL; 
end 
  
for i = 1:M-3 
Left_CFL(i,i+1) = -B_CFL; 
Left_CFL(i+1,i) = -B_CFL; 
Right_CFL(i,i+1) = B_CFL; 
Right_CFL(i+1,i) = B_CFL; 
end 
  
BC2_left(1) = -B_CFL*NO_CFL(1); 
BC2_left(M-2) = -B_CFL*NO_CFL(M); 
BC2_right(1) = B_CFL*NO_CFL(1); 
BC2_right(M-2) = B_CFL*NO_CFL(M); 
  
for i = 2:M-1 
    CFL(i-1) = NO_CFL(i); 
end 
  
NO_CFL_NEW = inv(Left_CFL)*(Right_CFL*CFL + BC2_right - BC2_left); 
  
%Check for RES < TOL  
for i = 1:M-2 
    RES = NO_CFL(i+1) - NO_CFL_NEW(i); 
    if abs(RES) > TOL 
        count = count + 1; 




A_EC = 1 + (delta_t / 2)*(2*D2/deltax_EC^2 + K2_ab); 
B_EC = D2*delta_t / (2*deltax_EC^2); 
C_EC = 1 - (delta_t / 2)*(2*D2/deltax_EC^2 + K2_ab); 
  
for i = 1:M-2 





Right_EC(i,i) = C_EC; 
end 
  
for i = 1:M-3 
Left_EC(i,i+1) = -B_EC; 
Left_EC(i+1,i) = -B_EC; 
Right_EC(i,i+1) = B_EC; 
Right_EC(i+1,i) = B_EC; 
end 
  
BC3_left(1) = -B_EC*NO_EC(1); 
BC3_left(M-2) = -B_EC*NO_EC(M); 
BC3_right(1) = B_EC*NO_EC(1); 
BC3_right(M-2) = B_EC*NO_EC(M); 
  
for i = 2:M-1 
    EC(i-1) = NO_EC(i); 
end 
  
NO_EC_NEW = inv(Left_EC)*(Right_EC*EC + BC3_right - BC3_left); 
  
%Check for RES < TOL  
for i = 1:M-2 
    RES = NO_EC(i+1) - NO_EC_NEW(i); 
    if abs(RES) > TOL 
        count = count + 1; 
    end 
end 
 
%In T (Abluminal Region) 
 A_abluminal = 1 + (delta_t / 2)*(2*D2/(deltax_abluminal^2) + K2_ab); 
B_abluminal = D2*delta_t / (2*(deltax_abluminal^2)); 
C_abluminal = 1 - (delta_t / 2)*(2*D2/deltax_abluminal^2 + K2_ab); 
  
for i = 1:M-2        
Left_abluminal(i,i) = A_abluminal; 
Right_abluminal(i,i) = C_abluminal; 
end 
  
for i = 1:M-3 
Left_abluminal(i,i+1) = -B_abluminal; 
Left_abluminal(i+1,i) = -B_abluminal; 
Right_abluminal(i,i+1) = B_abluminal; 
Right_abluminal(i+1,i) = B_abluminal; 
end 
  





BC4_left(M-2) = -B_abluminal*NO_abluminal(M); 
BC4_right(1) = B_abluminal*NO_abluminal(1); 
BC4_right(M-2) = B_abluminal*NO_abluminal(M); 
  
for i = 2:M-1 
    abluminal(i-1) = NO_abluminal(i); 
end 
NO_abluminal_NEW = inv(Left_abluminal)*(Right_abluminal*abluminal + BC4_right - 
BC4_left); 
 
%Check for RES < TOL  
for i = 1:M-2 
    RES = NO_abluminal(i+1) - NO_abluminal_NEW(i); 
    if abs(RES) > TOL 
        count = count + 1; 
    end 
end 
  
%Assign new values to new time step 
for i = 1:M-2 
    NO_Lumen(i+1) = NO_Lumen_NEW(i); 
    NO_CFL(i+1) = NO_CFL_NEW(i); 
    NO_EC(i+1) = NO_EC_NEW(i); 
    NO_abluminal(i+1) = NO_abluminal_NEW(i); 
end 
  
%Continue iterations if RES>TOL 
if count > 1 
    flag = 0; %Return to while loop 
else flag = 1; %End of loop 
end 
 
SOR method to calculate steady state NO concentration 
K1 = (R0^2)*C0*K2_ab/D2; 
K2 = (R0^2)*C0*K2_ab/D2; 
K4 = (R0^2)*K1_lu/D2; 
  
for j = 2:M-1 
    % In T (Abluminal Region) 
    RR1 = 1/(2+ K1*(deltax_abluminal)^2)*(NO_abluminal(j-1) + NO_abluminal(j+1)); 
    NO_abluminal(j) = OMEGA*RR1 + (1-OMEGA)*NO_abluminal(j); 
     
    %In EC                                                                                                                                   
    RR2 = 1/(2+ K2*(deltax_EC)^2)*(NO_EC(j-1) + NO_EC(j+1)); 
    NO_EC(j) = OMEGA*RR2 + (1-OMEGA)*NO_EC(j); 
     





    RR3 = 1/2*(NO_CFL(j-1) + NO_CFL(j+1)); 
    NO_CFL(j) = OMEGA*RR3 + (1-OMEGA)*NO_CFL(j); 
     
    %In BL 
    RR4 = 1/(2+ K4*(deltax_lumen)^2)*(NO_Lumen(j-1) + NO_Lumen(j+1)); 





%Check for RES < TOL in all compartments   
for j = 2:M-1 
RES1 = NO_abluminal(j)*(2+ K1*(deltax_abluminal)^2)-(NO_abluminal(j-1) + 
NO_abluminal(j+1)); 
if (abs(RES1) > TOL) 
count = count + 1; 
  
RES2 = NO_EC(j)*(2+ K2*(deltax_EC)^2)-(NO_EC(j-1) + NO_EC(j+1)); 
if (abs(RES2) > TOL) 
count = count + 1; 
  
RES3 = 2*NO_CFL(j)-(NO_CFL(j-1) + NO_CFL(j+1)); 
if (abs(RES3) > TOL) 
count = count + 1; 
  
RES4 = NO_Lumen(j)*(2+ K4*(deltax_lumen)^2)-(NO_Lumen(j-1) + NO_Lumen(j+1)); 
if (abs(RES4) > TOL) 
count = count + 1; 
end 
 
% Further iteration if RES>TOL 
if count > 0 
flag = 0;%Return to while loop 
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